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ABSTRACT

Quasi-static load cycle testing of a 6-in.-thick rein-
forced concrete shear wall structure is detailed in this
report. The background of this program and results that
led to this series of experiments are reviewed. Geometry
of the test structure, design parameters, preliminary modal
testing and analysis to verify undamaged dynamic proper-
ties, material property tests, instrumentation and results
of this data reduction for stiffness, cracking values, and
energy losses are given.

Results are compared with other investigators' results,
as well as with the American Concrete Institute 318-349 code
predictions.
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STATIC LOAD CYCLE TESTING OF A
LOW-ASPECT-RATIO SIX-INCH WALL,
TRG-TYPE STRUCTURE TRG-4-6
(1.0, 0.25)

by

Charles R. Farrar,
Joel G. Bennett,
Wade E. Dunwoody,

and
William E. Baker

I. INTRODUCTION

Previous work that has been carried out at Los Alamos National Laboratory
(LANL) as part of the Seismic Category I Structures Program for the U.S.
Nuclear Regulatory Commission (NRC) Office of Nuclear Regulatory Research has
consistently measured stiffnesses less than strength-of-materials theory would
predict in scale models of low-aspect-ratio shear wall structures subjected to
working loads. In this context, working loads refer to load levels equivalent
to those experienced by a structure during an operating basis earthquake, which
would produce stresses on the order of 50-psi average base shear. The models
tested thus far have been made of both microconcrete and conventional concrete
and have been tested statically and seismically.




Upon review of these results at the Technical Review Group (TRG) meeting
of April 4, 1986, it was decided to extend the experimental investigation of
this reduced stiffness issue by performing a series of quasi-static load cycle
tests on structures with the cross-sectional geometry of the structures
previously recommended by this group (Ref. 1). The test structures were to be
constructed with different aspect ratios and reinforcement percentages so that
variations in these parameters that exist in actual category I structures could
be taken into account in the experiments and the sensitivity to these variables
could be identified.

One of the purposes of these tests was to investigate the possibility
that, at equivalent stress levels, a similar reduction in stiffness occurs
during static testing as has been observed during dynamic testing.* In
addition, the structures were to be instrumented so that the contribution to
bending stiffness of the flexural boundary elements (shear walls in orthogonal
planes) could be assessed. The structures were also instrumented so that the
shear and bending contributions to the total stiffness could be measured
separately. The separation of the shear and bending components of stiffness
540 intended to provide additional information concerning the mechanism for
the reduction in stiffness.

A statistically planned test matrix covering height-to-length aspect
ratios from 0.25 to 1.0 and percentage reinforcement ranging from 0.25% to
1.0% in each direction was developed (Appendix A). The first structure in the
sequence was constructed with an aspect ratio of 1 and a percentage reinforce-
ment of 0.25% in each direction. To remind the reader of the test geometries'
basic characteristics, we will adopt the following notation:

TRG-No.-Wt (AR,%R)--sometimes abbreviated as TRG-No.--
where,

TRG = the designation for the series of structures designed and tested
using guidance from the program's Technical Review Group, a group
of nationally recognized experts on nuclear structures,

*Previous comparisons between static and dynamic tests of isolated shear
walls, 1/30-scale, single-story, diesel generator buildings and the TRG-1
structure have shown that the reduction in stiffness was much more pronounced
in dynamic tests than in static tests at similar average base shear stress
levels. These structures were all small-scale microconcrete models.




No. = the sequence number in the series,

Wt = the shear wall thickness,

AR = the height-to-length aspect ratio of the shear wall, and

%R = total percentage by area of steel reinforcing in both directions.

Thus, this letter report concerns TRG-4-6 (1.0, 0.25).

A wall thickness of 6 in. was used so that reinforcement could be placed
in two layers to further simulate actual shear wall construction. This report
will summarize the results from this first test in the recommended
statistically planned experiment set.

II. BACKGROUND

The Seismic Category I Structures Program is being carried out at LANL
under the sponsorship of the NRC's Office of Nuclear Regulatory Research and
has the objective of investigating the structural dynamic response of Seismic
Category I reinforced concrete structures (exclusive of containment) that are
subjected to seismic loads beyond their design basis.

A number of meetings and interactions with the NRC staff have led to a
set of specific program objectives, which are as follows:

1. to address the seismic response of reinforced concrete Category I

structures, other than containment;

2. to develop experimental data for determining the sensitivity of
structural behavior in the elastic and inelastic response range of
Category I structures to variations in configuration, design
practices, and earthquake loading;

3. to develop experimental data to enable validation of computer pro-
grams used to predict the behavior of Category I structures during
earthquake motions that cause elastic and inelastic response;

4. to identify floor response spectra changes that occur during earth-
quake motions that cause elastic and inelastic structural response;

5. to develop a method for representing damping in the inelastic range
and to demonstrate how this damping changes when structural response
goes from the elastic to the inelastic ranges; and

6. to assess how shifts in structural frequency affect plant risk.




A principal characteristic of the typical structure under investigation
is that shear rather than flexure is dominant; that is, the ratio of displace-
ment values calculated from terms identified with shear deformation to the
values contributed from bending deformation is one or greater; thus, these
buildings are called "shear wall" structures.

The Seismic Category I Structures Program began in FY 1980 with an invest-
igation that identified the typical shear wall structure of a nuclear facility
and its characteristics (stiffnesses, frequencies, etc.) as areas where
designers of facilities (Bechtel Corporation, Sargent & Lundy, and Tennessee
Valley Authority) felt additional experimental data were needed. A combined
experimental/analytical plan for investigation of the dynamic behavior of these
structures was laid out as described in Ref. 2. During the first phase, the
* program concentrated on investigating isolated shear wall behavior using small
models (1/30-scale, 1-in.-thick walls) that could be economically constructed
and tested both statically and dynamically. Also, during this phase of the
program, a TRG, consisting of nationally recognized seismic and concrete
experts on nuclear civil structures, was established both to review the
progress and to make recommendations regarding the technical directions of the
program. The recommendations of this group have been evaluated in light of
the needs of the NRC and, where possible, have been carefully integrated into
the program.

Following the isolated shear wall phase, the program began testing and
evaluating three-dimensional box-1ike model structures. It was recognized
from the outset that scale model testing of concrete structures is a
controversial issue in the U.S. civil engineering community. Thus, along with
the testing of small-scale test structures, a task of demonstrating scalability
of the results to prototype structures was initiated. The details and results
of these investigations are reported in Refs. 3-8.

To give a brief synopsis of the situation at the end of FY 1984, the pro-
gram had tested (in addition to the isolated shear walls), either statically
or seismically, 23 different models representing two types of structure--a
diesel generator building and an auxiliary building. Two different scales
[(1/30, 1/10) and (1/42, 1/14)] of these buildings were used (1-in. and 3-in.
walls). In addition, stories varied from one to three. Although a number of
results on items, such as aging (cure time) and effect of increasing seismic
magnitude, have been reported, two important and consistent conclusions came
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out of the data from these tests. First, the scalability of the results was
j1lustrated both in the elastic and inelastic range. Second, the so-called
"working load" secant stiffness of the models was lower than the computed
uncracked cross-sectional values by a factor of about 4.

During their review, the TRG pointed out the following:

1. Design of prototype nuclear plant structures is normally based upon
an uncracked cross-section strength-of-materials approach that may
or may not use a "stiffness reduction factor" for the concrete.

But, if such a factor is used, it is never as large as 4.

2. Although the structures themselves appear to have adequate reserve
margin (even if the stiffness is only 254 of the theoretical), any
piping and attached equipment will have been designed using inappro-
priate floor response spectra.

3. Given that a nuclear structure designed to have a natural response
of about 15 Hz really has a natural frequency of 7.5 Hz (correspond-
ing to a reduction in stiffness of 4) and allowing further
that the natural frequency will decrease because of degrading stiff-
ness, the natural response of the structure will shift well down into
the frequency range for which an earthquake's energy content is the
largest. This will result in increased amplification in the floor
response spectra at lower frequencies, and this fact potentially has
significant impact on the equipment and on the piping design response
spectra and their margins of safety.

A1l three points are related to the difference between the measured and calcu-
lated stiffnesses of these structures.

Having made these observations, several questions arose. Did our pre-
vious experimental data taken on microconcrete models represent behavior that
would be observed in prototype structures? What is the appropriate value of
the stiffness that should be used in design and for component response spectra
computations in these structures? Should this value be a function of load
level? Have the equipment and piping in existing buildings been designed to
inappropriate response spectra?

Thus, the primary program emphasis at that time was to ensure the credi-
bility of previous experimental work by beginning to resolve the "stiffness
difference" issue. The TRG for this program believed that this important issue
had to be addressed before the program objectives could be accomplished.




To address these stiffness-related concerns, it was agreed that a series
of credibility experiments should be carried out using both large- and small-
scale structures. For the large-scale structure, the TRG set limitations on
the design parameters. The recommended “ideal" structure characteristics, in
order of decreasing priority, were as follows:
maximum predicted bending and shear mode natural frequency <30 Hz,
minimum wall thickness = 4 in.,
height-to-depth ratio of shear wall <1,
use of actual No. 3 rebar for reinforcing,
use of realistic material for aggregate,
use of 0.1-1% steel (0.3% each face, each direction, i.e., 0.6% total
each direction), and

7. use of water-blasted construction joints to ensure good aggregate

interlock.

A prototype "TRG" structure designed to comply with these specifications
(Fig. 1) was constructed using actual batch plant concrete and No. 3 rebar.

In addition, a 1/4-scale model of the TRG structure was constructed with
microconcrete and wire mesh rebar and was tested before the prototype was
constructed. Both structures were tested statically and then seismically to
failure or, in the case of the prototype, to machine limits. The 1/4-scale
model was TRG-1-1 (1.0, 0.6), and the prototype was TRG-3-4 (1.0, 0.56). A
second 1/4-scale model, TRG-2-1 (1.0, 0.6), was constructed and partially
tested. That model had obvious visual flaws (cracked sections) upon form
removal and was never fully tested or reported.

These tests were intended to show that the previously observed reductions
in stiffness were not related to the use of microconcrete and that the static
and dynamic test results of the microconcrete models could be scaled to conven-
tional concrete structures.

During the static tests, the 1/4-scale model, TRG-1-1 (1.0, 0.6), showed
results similar to those of the prototype, TRG-3-1 (1.0, 0.56), for stiffness
and suggested that, for low-level static response, the microconcrete model did
an adequate job of predicting the response of the conventional concrete proto-
type. A Tow-force-level experimental modal analysis performed before seismic
excitation showed results concerning stiffness and scalability similar to those
of the static test.
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TWO STEEL PLATES
APPROX 18,800 Ib EACH

ALL 4-in. WALLS
HAVE No. 3 REBARS
ON 4 g~in, CENTERS

DIMENSIONS IN INCHES
NOTE: tlin. = 254 mm, 1lb - 4.45 N

Fig. 1. Prototype TRG structure.

When the structures were tested dynamically on a shake table, both models
showed reductions in stiffness consistent with previous test data, implying
that the reduced stiffness could not be attributed to microconcrete. The
prototype TRG structure with its added mass was too large to make reproduction
of the input signal possible. This input signal was a scaled version of the
one used on the 1/4-scale model, and, because it could not be accurately repro-
duced (frequency content of the signal was distorted), conclusions concerning
the scalability of seismic response between the conventional concrete prototype
and the microconcrete model could not be made. The results of these tests
appear in detail in Refs. 5 and 8.

At the TRG meeting on December 19, 1986, the group suggested that a
reduced statistical plan be carried out. The TRG was not concerned with the
technical merit of the matrix of Appendix A but rather with the time and cost
required to successfully complete the test matrix. The TRG was also concerned




with the deviation from original program objectives. The TRG suggested that
one other model with an aspect ratio of 0.25 be statically tested, as well as
a model identical to TRG-3-4 (1.0, 0.56), and this plan was adopted.

III. REVIEW OF PREVIOUS STATIC TEST RESULTS OBTAINED
IN THE SEISMIC CATEGORY I STRUCTURES PROGRAM

Previously in this program, measured stiffness values from static and
dynamic tests have been compared with theoretical values that were determined
using a modulus of elasticity calculated from the empirical formula in American
Concrete Institute (ACI) 349-85.9 This empirical formula generally gave a
higher value for the concrete's modulus than was measured from test =~
specimens. In the following summary of previous test results, theoretical
stiffness values were determined using measured moduli. This investigation is
concerned with determining the proper values of stiffness to be used in the
analysis of Seismic Category I structures; hence, it is felt that the best
estimate of actual material properties should be used when experimental
results are compared with theory. The previously reported comparisons between
measured and theoretical stiffness do, however, provide information concerning
errors that could occur during the design process when material properties
have yet to be measured. Table I summarizes the previous results using both
the measured and design values for the concrete's modulus.

A. Isolated Shear Walls

The first static tests were performed on single-story isolated shear walls
and were reported in Ref. 3. Five walls were tested, two monotonically and
three cyclically. These specimens were made with microconcrete and wire mesh
reinforcement. The amount of reinforcement at the interface of the shear wall
base and shear wall top plate was varied along with the amount of moment
reinforcement in the form of threaded steel rods located at the ends of the
shear wall.

A1l specimens remained essentially linear up to a load producing an aver-
age base shear stress (ABSS) of 200 psi and a principal tensile stress (PTS) of
600 psi or more. The load at first cracking, as predicted from a strength-
of-materials approach, agreed very well with the measured cracking strength of
the walls and the average split cylinder tensile strength of 666 psi. Also,
when the walls were subjected to repeated load cycles below the first cracking
8




TABLE I
PREVIOUS STATIC TEST RESULTS

Measured Ultimate? Theoreticalb Theoreticalb

Stiffness Compressive Stiffness Using Stiffness Using Ratio of
before Strength Measured ACI Empirical Columns
Cracking fe Modulus Modulus
(1b/in.) (ksi) (1b/in.) (1b/in.) 2 3 2
1 2 3 1 1 3
Isolated Shear Walls:
1 0.78 x 108 4.34 1.60 x 1068 2.33 x 108 2.05 2.99 0.69
2 0.79 x 106 5.89 - 2.71 x 1068 - 3.43 -
3 1.0 x 10¢ 7.35 1.90 x 1068 3.03 x 108 1.90 3.03 0.63
4 1.06 x 106 6.86 - 2.92 x 10§ - 2,75 -
5 0.87 x 108 6.31 1.75 x 10§ 2.80 x 108 2.02 3.22 0.63
1/30-scale, 1-Story,
Diesel Generator Buildings:
3D-2 0.76 x 10¢ 2.70 2.25 x 106 2.90 x 106 2.96 3.82 0.78
3D-4 1.74 x 108 3.32 4.82 x 106 6.08 x 106 2.77 3.49 0.79
3D-7 0.92 x 106 2.35 2.45 x 106 2.71 x 1068 2.66 2.95 0.90
3D-8 0.80 x 10¢ 2.30 2.36 x 106 2.68 x 106 2.95 3.35 0.88
3D-9 1.67 x 108 2.69 4.62 x 106 5.47 x 10¢ 2.77 3.27 0.84
30-10 1.14 x 108 3.27 - 3.19 x 108 - 2.80 -
3D-11 0.92 x 1068 3.09 - 3.11 x 10¢ - 3.38 -
3D-12 1.23 x 10§ 2.05 - 2.53 x 108 - 2.06 -
3D-13 0.88 x 108 2.04 - 2.52 x 1068 - 2.86 -
3D-19 0.80 x 10¢ 4.70 - 3.83 x 1068 - 4.79 -
3D-20 1.08 x 108 4.30 3.22 x 1068 3.65 x 106 2.98 3.38 0.88
TRG-1  0.92 x 106§ 3.77 1.2 x 10¢ 1.3 x 108 1.25 1.38 0.92
TRG-3 4.4 x 108 3.81 3.0 x 108 5.0 x 108 0.68 1.13 0.60

aThe empirical modulus, Ec , is 57,000 v f¢, and the measured modulus,
ACI
Ec..» can be computed by the following formula:

. [Stiffness Col. 2
Ecm = 57,000 V¢ (Stiffness Col. 3)

m’

bBased on the gross section.




load, there was no evidence of stiffness degradation or of increase in the
area of the hysteresis loop for a given load level. Above the first cracking
load, stiffness degraded and the area of the hysteresis loop increased with
increased load and increased cycles at a constant load. The ultimate strength
of the walls exceeds the provisions for shear capacity as determined by ACI
349-85 11.10. The measured stiffnesses in the linear region were down by a
factor of 1.90 to 2.05 from the calculated uncracked cross-section stiffness
using a measured modulus.

When normalized to a common modulus of elasticity, these static stiffness
values can be compared with those measured dynamically during sine sweep and
simulated seismic tests of similar models. At force levels that were 10% of
the load required to produce first cracking in the static test, stiffness
measured during both the sine sweep and simulated seismic tests were reduced
considerably from the static tests and even further reduced from the calculated
uncracked cross-section value. The sine sweep and seismic stiffness values
were lower by an average factor of 6.95 and 3.85 from the calculated uncracked
value, respectively, and down by an average factor of 2.93 and 1.86 from the
average measured static value.

B. 1/30-Scale, Single-Story, Diesel Generator Buildings

Eleven 1/30-scale, single-story, diesel generator buildings were stati-
cally tested to failure and are reported in Ref. 4. Nine models were tested
monotonically, eight in the transverse direction and one in the longitudinal
direction. Two models were tested cyclically, one each in the transverse and
longitudinal directions. These specimens were all made with microconcrete and
wire mesh reinforcement. Other than the direction of applied load, the only
parameters that were varied in these tests were the amount of cure time each
model experienced before testing and the distance the reinforcement was
embedded in the base of the structure.

As with the isolated shear walls, all specimens remained linear up to the
load that produced cracking. This load produced an ABSS on the order of 200
psi and a PTS on the order of 340 psi. At a given load Tevel below the first
cracking load, the area under the hysteresis loop remained constant when the
load was cycled, and the stiffness remained constant. Above the cracking
load, stiffness again was observed to degrade, and the area of the hysteresis
loop increased either with increases in load level or increases in the number
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of load cycles. The load at first cracking was in good agreement with the
value predicted from strength of materials and with the measured tensile
stress of the concrete. Provisions for the shear capacity of the walls from
ACI 349-85 were exceeded. Stiffness based on a secant from the origin to half
the ultimate load were down by factors ranging from 2.7 to 3.0 when compared
with the calculated stiffness, based upon an uncracked cross-section and a
measured modulus.

When similar models were tested dynamically with a 0.5-g peak acceleration
random input, producing an ABSS of 6.3 psi and a PTS of 10.6 psi, the models
were again found to behave with a stiffness down by a factor of 2.9 to 3.8 from
the strength-of-materials prediction using a measured modulus.

The moment of inertia used in the calculated stiffness value considered
the entire end wall to contribute to the flexural stiffness of the shear wall,
and the modulus of elasticity was based upon the measured values. No effect
from cure time or embedment length was observed.

C. TRG-Type Structures

TRG-3 and its two 1/4-scale models, TRG-1 and -2, were tested statically
and monotonically at low-load levels that produced an ABSS of 28 psi and a PTS
of 40 psi on TRG-3 and an ABSS of 53 psi and a PTS of 80 psi on TRG-1 and -2.
These tests were repeated several times and were intended to identify the
initial stiffness condition of each model while introducing a minimum amount
of damage into the test structure. TRG-3 was constructed with conventional
concrete and No. 3 rebar, and TRG-1 and -2 were made with microconcrete and
wire mesh reinforcement.

TRG-3 showed a measured stiffness down by a factor of 1.54 from theory,
and TRG-1 showed a reduction of 1.25 from theory. 1In both cases, the
theoretical stiffness was computed with a measured value of Ec‘ (TRG-2 was
found to have significant shrinkage cracks, and results from this model were
not considered meaningful.) When properly scaled, the static stiffness values
for the two models were in reasonable agreement, showing that stiffness can be
scaled from microconcrete to conventional concrete in this low-load-level
region. Following static testing, both TRG-1 and TRG-3 were also tested
seismically and dynamically. When TRG-1 was subjected to a 0.5-g peak
acceleration random input, it responded with a stiffness that was down by a
factor of 2.6 from theory even though this excitation produced only 16.3 psi
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ABSS and 16.6 psi PTS. Similar stiffness values were obtained during a 0.5-g
seismic test. TRG-3 responded to a 0.73-g seismic test with a stiffness that
was down by a factor of 4.0 from theory at an ABSS of 91 psi and a PTS of 92
psi.

IV. TRG-4 MODEL CONSTRUCTION AND MATERIAL PROPERTIES

A primary concern in construction of this model was that it require a
minimum amount of handiing once it was built. This requirement would eliminate
questions about damage caused by handling as a possible source of any measured
reduction in stiffness. Thus, the model was constructed in place on the base
of the load frame that was to be used in the cyclic testing. The load frame
was designed to keep maximum base deflections less than 0.001 in. The frame
was located in an indoor test facility so that construction, concrete place-
ment, curing, and testing of the model could be performed in a controlled
environment.

The reinforcement in both the shear walls and the end walls consisted of
No. 3 (3/8-in. diameter) rebar with a specified minimum yield strength of
60,000 psi. The bars were spaced at 14.5 in. on center near both faces of the
walls, providing two staggered layers of reinforcement in both the horizontal
and vertical direction as shown in Fig. 2. Both the amount of horizontal and
vertical reinforcement (0.25% by area, each direction) are the minimum allowed
by ACI 349-85, 11.10.9.2 and 11.10.9.4. Unless otherwise stated, compliance
with a section of ACI 349 implies compliance with the same section in
ac1 318.'0

As shown in Fig. 2, a minimum 1 in. of cover was provided for all rein-
forcement. This amount exceeds the cover requirements of ACI 349-85, 7.7 for
interior walls, but did not meet the required 1.5-in. cover for exterior
walls. However, because this model would remain indoors, it was believed that
the 1.0-in. cover was sufficient and that the structural properties of the
wall would not be adversely affected.

The top and bottom slabs were heavily reinforced with two layers of No. 4
rebar spaced at 6 in. on center. In addition to meeting the reinforcing
requirements of ACI 349, the reinforcement met the special provisions for
seismic design of ACI 318-83, Appendix A, except at the interface of the shear
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ALL 6-in. WALLS HAVE No. 3

REBAR ON 14.5-in. CENTERS
EACH FACE, EACH DIRECTION

s

/
/:‘_

TWO STEEL PLATES
APPROX 18,800 I1b EACH

STEEL PLATE
HELD IN PLACE BY 2©
EIGHTEEN 1 1/4-in. BOLTS
TORQUED TO 400 ft Ib

Fig. 2. TRG-4 structure.

wall and end wall. ACI 318-83 has special provisions for reinforcing this
area that are new to the code. However, it is felt that existing Seismic
Category I structures, all of which were designed before the adoption of
ACI 318-83, would not have invoked this criterion.

Before placing the concrete, 30 Eaton weldable strain gages were at-
tached to the reinforcement at the locations shown in Figs. 3-6. The gages
were wrapped with fiberglass tape and coated with caulk to prevent damage
caused by compaction and moisture.

Next, form work was put into place on top of the load frame base. The
bottom 18 in. of the interior wall forms were made of plexiglass so that the
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concrete placement and compaction could be visually monitored in this struc-
turally critical region. The concrete was placed on December 9, 1986; the
first truck arrived at 9:00 a.m. containing 3 yd3 of concrete. Slump from
this truck was measured per ASTM C143—78]] and was found to be 3-1/2 in.

After difficulties occurred with the hopper used to transport the concrete
from the mixer to the model, 9 gal. of water were added to the mix, increasing
the slump to 5 in. This batch of concrete was used to pour the base and was
then thoroughly compacted with mechanical vibrators. Fourteen standard
6-in.-diameter by 12-in.-high concrete cylinders were taken during the middle
of this placement per ASTM standards C172-82]2 and C31-84.]3 The second

truck arrived at 11:15 a.m., approximately a half hour after the placement of
concrete from the first truck was complete. This truck contained 5-1/2 yd3
of concrete. Initially, slump from the second truck was measured at 3 in.,
and, after adding 5 gal. of water to the mix, the siump was measured at

3-1/2 in. The concrete from this second truck was used to complete the model.
Again, 14 test specimens were taken during the middle of the placement.

The concrete was specified as minimum 3000-psi ultimate compressive
strength. Five and one-half sacks of cement were used per cubic yard of
concrete, and the cement was Ideal Type 1-2 Tow alkali. The course aggregate
was 0.75-in. maximum, crusher run, Rio Grande river rock, and the fine
aggregate was No. 4 sand with gradation conforming to ASTM (233—85.]4

The test cylinders were removed from their forms and were placed in a
curing chamber approximately 80 hr after they had been poured and remained in
the chamber for the next 30 days. Forms were left on the model until
January 6, 28 days after the model was poured. The exposed surfaces of both
the top and bottom slab were kept moist and covered with tarps during this
28-day period.

The test cylinders were taken to Albuquerque Testing Laboratories (ATL),
where they were tested on January 23-26, 1987, 45 days after they were orig-
inally cast. To avoid damage to the specimens while in transit to Albuquerque,
a foam-lined transportation box was constructed and foam was placed between
each of the individual cylinders. The tests included ultimate compressive
strength (ASTM C39—84),]5 modulus of elasticity (ASTM C469-83),]6 split
cylinder tensile strength (ASTM (:496—85)]7 and density. Ten specimens from
each truck were tested for ultimate compressive strength and modulus of
elasticity, and four specimens from each truck were tested for tensile
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strength. The specimens were weighed to the nearest 0.01 1b. The results of
the tests are summarized in Table II, and the report from the testing lab is
included as Appendix B.

TABLE II

MEASURED MATERIAL PROPERTIES

a b c
Ultimate Tensile Modulus of

y @ Yy \d

Densit{ Compressive Strength Elastjcity 57.000./; 3w /2 /fc
Qb/ft™) Strength (psi) (psi) (psi) (psi) (psi)
Average Truck 1 137 3936 350 3.09x106 3.58x102 3.33xlog
Minimum 136 3767 302 2.96x106 3.50x10 3.25x|06
Max mum 138 4173 384 3.19x106 3.68x106 3.42x10
Average Truck 2 139 4368 364 3.36x106 3.77xlog ) 3.58x|og
Minimum 138 3961 348 3.11x106 3.59x10 . 3.40xi08
Maximum 140 4562 386 3.71x106 3.85x106 3.65x10
Ave. Both Trucks 138 4152 357 3.23x106 3.67x106 3.45x106

& Measured on 6-in.-diameter x 12-in. specimens per ASTM C39-84.
Measured on 6-in.-diameter x 12-in. specimens per ASTM C496-85.

€ Measured on 6-in.-diameter x 12-in. specimens per ASTM C469-83.
Modulus of elasticity determined per ACI 349-85,8.5.1.

On January 15, 1987, Luke Snell, a faculty member at Southern I1linois
University and an experienced independent consultant in the field of ultrasonic
testing of reinforced concrete structures, performed an ultrasonic test on the
model. He began by visually inspecting the model for surface cracks and found
none. Next, he calibrated his testing equipment with a standard steel specimen
and proceeded to test the 6-in.-diameter by 12-in.-lTong test specimens. The
test consisted of applying an audio pulse to the end of the specimen and
measuring the time required for that pulse to travel over the distance of the
specimen. From this information, the speed of sound in the concrete can be
estimated and defects in the concrete can be identified when the speed is
altered as the sound wave cannot travel across a void but, rather, must go
around it. The cylinders from the two different trucks showed no significant
difference in pulse speed, and tests at different locations on the model that
were known to contain concrete from the different trucks showed no significant
difference in pulse velocity. Pulse velocities were determined at 185 loca-
tions on the model, and the results are summarized in Table III. From these
results, Mr. Snell concluded that the model showed no signs of defects and
that material properties determined from the cylinder test specimens would
indeed be indicative of the properties of the TRG-4 structure. Mr. Snell's
test report is included as Appendix C.
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TABLE III
ULTRASONIC TESTING OF TRG-4

Shear West End East End * *
Cylinders Wall Wall Wall Top Base
Average Pulse
Velocity (ft/s) 13,290 13,260 13,235 13,270 14,190 14,770

The increased velocities in the top and base were caused by
the large amount of reinforcing steel in each of these slabs.

Other investigations, Ref. 18, have correlated the speed of sound in con-
crete to the static modulus of elasticity. However, these investigations do
not specify the type of static modulus (that is, initial tangent, secant to
40% of ultimate, etc). A similar correlation, made by interpolating between
the data points in Ref. 18 with the results of Mr. Snell's test, yield an
average modulus of 3.2 x 106 psi for the TRG-4 structure.

V. MODAL TESTING AND RESULTS

The first test performed on the TRG-4 structure was a low-load-level ex-
perimental modal analysis. This test was used to characterize the initial
stiffness of the model without introducing damage and to demonstrate that the
dynamic properties of the structure could be accurately measured at very low
load levels. Also, these tests provided an indirect measure of the concrete's
modulus of elasticity. Two test setups were tried with the intent of obtaining
free-boundary conditions. Both set-ups are depicted in Fig. 7.

The first attempt at obtaining free-boundary conditions was to suspend
the model with nylon straps from an overhead crane. This test configuration
proved difficult in that it was hard to align the structure with the shaker
because of the courseness of the control system of the crane. Also, when
technicians had to climb on the model to move accelerometers, the motion
induced by their movement did not dampen out readily.

The second configuration consisted of supporting the model by placing
five air bearings under its base. This configuration was considerably better
because it was much easier to adjust the height of the model by changing the
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Fig. 7. Modal test setup.

pressure in the air bearings, and the motion caused by people walking on the
model dampened out much faster. Both test configurations gave identical values
for the fundamental frequency of the structure. Free-boundary conditions were
chosen because they can be most accurately compared with analytical results

from either finite element analysis (FEA) or strength-of-materials (SOM)
analysis.
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A 300-1b-peak force shaker was attached using a "stinger," a thin rod that
can transmit only axial force, to the northwest end wall 4 in. from the bottom,
as shown in Fig. 8. A transducer, located between the shaker's stinger and the
model, measured force as the input quantity. A random excitation signal with a
uniform power spectral density between 0 and 200 Hz was used to drive the
shaker. Acceleration response was measured in three orthogonal directions at
89 points on the structure. The measurement points are shown in Fig. 9 (as the
intersections of two or more lines), along with the excitation point.

The force input and acceleration responses were recorded, transformed into
the frequency domain, and analyzed with a commercially available experimental
modal analysis software package. Coherence functions showed that the 300-1b

Fig. 8. Modal test excitation method.
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Fig. 9. Modal test measurement points.

shaker had only enough energy to excite the structure at its resonant frequen-
cies. The frequency domain representation of the input and response was used
to calculate a set of frequency response functions. Typical examples of the
frequency response functions are shown in Figs. 10 and 11 and correspond to
responses measured at Points 46 and 76 in the y and z direction, respectively.
From these plots, resonant frequencies can be identified from zero crossings
in the real portion that correspond to peaks in the imaginary portion. Eight
resonant frequencies and corresponding mode shapes were experimentally
jdentified between 0 and 200 Hz. The mode corresponding to the fundamental
frequency is shown in Fig. 12.

A finite element analytical modal analysis was also run for comparison
with the experimental modal analysis. Half the structure was modeled with
free-boundary conditions at the base, and appropriate boundary conditions were
applied along the plane of symmetry so that all modes below 200 Hz could be
jdentified. The undeformed mesh and the first three modes corresponding to
asymmetric boundary conditions are shown in Fig. 13a, and a direct comparison
between an experimental and FEA mode is shown in Fig. 13b. Actual measured
material properties were used in these calculations (modulus of elasticity of
concrete = 3.23 x 106 psi). A comparison of the corresponding analytical
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Fig. 11. Measured frequency response function Point 76-Z.

and experimental modes is presented in Table IV. The modes, which showed up

in the FEA but did not show up in the experimental modal analysis, were not

sufficiently excited by the amplitude and direction of the applied excitation.
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Fig.




MODE 5, 111 Hz

MODE 5, 111 Hz DETERMINED WITH ABAQUS
EXPERIMENTALLY DETERMINED F.E. PROGRAM

Fig. 13(b). Comparison of an experimentally measured mode shape and the

corresponding mode determined by finite element analysis.

TABLE IV

COMPARISON OF EXPERIMENTAL AND
ANALYTICAL MODAL ANALYSIS RESULTS

FEA with SOM with
Experimental Measured Modulus Measured Modulus
] 37.1 36.3 22.2b
2 79.2 77.8
3 88.3 86.0
4 100 102
5 111 111 134
6 122 120
7 a 130
8 141 136
9 a 143
10 172 154
11 a 162

Not identified.

The difference between this value and the FEA is attributed to
the restraint of warping provided by the base and top slab.
This restraint is not accounted for in the strength-of-
materials analysis. Restraint of the warping would stiffen
the structure torsionally and increase the natural frequency.




A larger shaker and/or change in the direction and location of excitation would
have identified these modes. However, it was felt the objectives of the modal
testing were accomplished with the one excitation location. Based on the
fundamental frequency and noting that

fmeasured . v l:measur‘ed
fca]culated Vv l:calculated

where f is frequency in Hz, a comparison can be made between the low-load-level
dynamic stiffness and the calculated stiffness from FEA. The measured stiff-
ness as a percentage of theoretical is summarized for various moduli values in
Table V.

TABLE V

THE RATIO OF MEASURED STIFFNESS TO STIFFNESS
CALCULATED BY FINITE ELEMENT ANALYSIS
FOR VARIOUS VALUES OF E.

3
Measured E, £, = 57,000 \/Fcr £, = 33w Iz [¢

c
Km/Kt 1.04 0.92 0.98

Finally, by adjusting the modulus in the finite element analysis so that
the fundamental frequencies match the measured fundamental frequency, one can
indirectly estimate the actual modulus of the concrete in the TRG-4 model. The
value of EC that made the FEA agree with the measured fundamental frequency
was 3.37 x 106 psi.

The results of the experimental modal analysis show excellent agreement
with the analytical modal analyses and seem to verify Mr. Snell's conclusions
about the initial state of the TRG-4 model and that the initial stiffness was
very close to theoretical. When examining the results, it should be remembered
that if nonlinearities caused by cracking or voids had existed, they would have
produced excitation-amplitude-dependent response in the structure and that, at
the load levels used in this test, the effects of these nonlinearities might
not have appeared.
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The 1ifting of the TRG-4 structure during the modal analysis was the only
handling of the structure during the entire testing sequence and amounted to
lifting the structure a few feet vertically and replacing it on the base.

VI. STATIC TEST SETUP AND LOAD SEQUENCE

After the modal testing had been completed, the structure was bolted to
the load frame base (Fig. 2). Two 2-in.-thick steel plates were placed on top
of the base, grouted level, and thirty-six 1.25-in.-diameter steel bolts were
placed through the plates and base in an attempt to obtain a truly fixed-base
boundary condition. The bolts were torqued to 400 ft 1b. Next, the two 6-in.-
thick steel plates (Fig. 2) were placed on top of the model, grouted level,
and held in place by thirty-six 1.25-in.-diameter steel bolts torqued to 400
ft 1b. Because the load was to be applied by a force acting on the bottom
6-in.-thick steel plate, the connection of these steel plates to the concrete
slab was designed to provide a friction connection and to produce a distributed
load over the top of the structure. This type of loading is more indicative
of that introduced by a seismic event.

The load frame was then assembled around the model, and an instrumenta-
tion frame was also assembled around the model independently of the load frame.
Twenty-four Ono-Sokki EG-233 displacement transducers were placed on the model
and on the instrumentation frame at the locations shown schematically in Fig.
14. Ten gages were mounted on the model itself, providing relative displace-
ment readings that were independent of any rigid body rotation and translation.
Of these ten, eight were located on the shear wall and were used to obtain the
readings necessary to separate the shear and bending components of displace-
ment. Overall structural deformations, including rigid body motion, were
monitored with the remaining 14 gages attached to the load frame. These
external gages were also used to measure torsional motion and sliding shear at
the base of the structure. Before the actual test cycles, 0.375-in.-gage
blocks were placed between the displacement gages on the exterior frame and
the model to measure the deformation of the instrumentation frame caused by
the return spring force of the gage. This deformation was found to be less
than the resolution of the gages (4 x 10'5
duce insignificant error into the data acquisition.

in.) and was considered to intro-
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Fig. 15. Load history, force
versus load step.

An ENERPAC hydraulic actuator was
used to load the structure, and
force input was monitored with a
load cell located between the
actuator and the steel plate. At
specified load increments, the
strain gages, displacement trans-
ducers, and load cell were scanned
with an HP 3497A data scanner and
were recorded on floppy disks by

an HP 87 computer. After some
initial low-level tests to check
out the instrumentation, the load
history shown in Figs. 15 and 16
was followed until the structure
would no longer hold the applied
load. Each integer on the hori-
zontal axis in Figs. 15 and 16
represents a point at which the
data were scanned. The complete
load reversals shown in this load
history were intended to represent
the forces induced in a Seismic
Category I structure during seismic
excitation. The breaks in the load
history at the end of a cycle were
the result of zeroing the displace-
ment gages and load cell before the
start of the next cycle. This dis-
continuity was accounted for in the
final data reduction by updating
the total displacements and loading
recorded on each record.
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Fig. 16. Load history, average base
shear stress versus Toad step.

VII. PRINCIPAL RESULTS AS REDUCED FROM THE INTERIOR

GAGES AND COMPARED WITH SOM THEORY

The overall horizontal deformation versus load, as determined from the
interior relative displacement gages, is shown in Figs. 17-27 for the entire
Toad history and for each individual load cycle. This is the displacement at
the top of these gages relative to the bottom of the gages. Because the dis-
placement field over this region is nonhomogeneous, the displacements computed
in this manner represent an average value for the wall. The method for com-
puting the horizontal displacement is illustrated in Fig. 28, and, with the
instrumentation used in this test, four values of horizontal displacement
could be determined and averaged. Also, it is assumed that these displacement
values do not significantly change when extrapolated to the exterior of the
structure. This assumption was verified with a two-dimensional FEA of the
shear wall (Appendix D). From this analysis, the horizontal displacement at
the terminal point, Point C in Fig. 29, of the diagonal gage had a displacement
of 6.669 x 10’3 in. when subjected to a 100-psi ABSS, while the exterior
point, D, at the same elevation had a displacement of 6.694 x 10'3 in., a
0.4% difference. The data from the interior relative displacement gages is
independent of rigid body rotation and translation and the assumptions
necessary to remove those quantities.
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Fig. 28. Method for determining hori-
zontal displacement from
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Fig. 29. Free-body diagram of
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The structure exhibited linear response through all of the 50-psi and 100-
psi ABSS Toad cycles and the measured stiffnesses during these precracking load
cycles, based on the average displacements determined from the interior gage
readings, were

K; = 8.5% 10% 1b7in.,
Ky = 52.6 X 10% 1b/in., and
Kg = 10.2 X 10% 1b/4n.

The method for separating the horizontal displacement into shear and
bending components is summarized in Appendix D. A comparison of data reduced
from the external and internal instrumentation is given in Section VIII.

During the initial loading of the first 200-psi ABSS load cycle, the
structure cracked at a load of 71,000 1b, and cracking was again observed at a
load level of 65,000 1b during the reverse cycle. After completion of this
Toad cycle, visual inspection revealed several diagonal cracks in the shear
wall. The structure appeared to behave in a linear manner during the subse-
quent 200-psi load cycles; however, the stiffness was reduced by a factor of
two from the uncracked value. In terms of percentage, the loss of stiffness
occurred almost equally in the shear and bending components. The new values

of stiffness were
6

Ky = 4.05 x 10° Tb/in.,
Ky = 23.0 x 10% 1b/in., and
Kg = 4.91 x 10% 1b/in.

The structure reached its ultimate strength during the initial loading of
the first 300-psi load cycle. At the ultimate load of 140,000 1b, a large
horizontal flexural crack opened completely through the tensile end wall and
propagated at approximately 450 through the shear wall. Other shear cracks
also opened, and previously existing cracks extended. During the reverse load
cycle, the structure was able to sustain a load of 125,000 1b. Similar crack-
ing occurred during this reverse cycle, but these cracks were not as pronounced
as they were in the initial portion of the cycle. The final crack patterns on
both sides of the shear wall are shown in Figs. 30 and 31. The horizontal
cracks visible in the end wall were the ones produced during the initial load
increase of the failure cycle.
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Fig. 30. Final crack pattern in the south side of the shear wall.

Initially, the response during the final 50-psi load cycle appeared linear
with stiffness values of

Kp = 5.42 x 10° Tb/in.,

Kg = 48.4 x 10° 1b/in., and

K = 6.11 x 10° 1b/in.
However, during unloading after the initial force increase and during the load

reversal, the displacements appeared nonlinear.
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Fig. 31. Final crack pattern in the north side of the shear wall.

Theoretical stiffnesses that can be compared with stiffness values
computed from the measured relative displacement readings were determined
using Castigliano's theorem. By examining the free-body diagram in Fig. 29,
the expression for internal strain energy stored in the structure between

Sections A-A and B-B can be written as
{

L L

2
U - (M+;él+wx) dx+/gg__1dx

Q)
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where

U = internal strain energy,

M = moment at Section A-A,

P = shear force at Section A-A,

w = imaginary unit load,

E = concrete modulus of elasticity,

I = cross-sectional moment of inertia, which includes
entire end wall but neglects steel effects,

G = shear modulus,

Ae = effective shear area, and

L = Tlength of the wall between Planes A-A and B-B.

Based on this expression for the internal strain energy and on standard
energy principles described by Popov,]9 the horizontal displacement of the
structure at Plane A-A relative to Plane B-B can be determined, and the stiff-
ness of this portion of the structure can be expressed as

1
nl 13 L

2el Y 3ET t AG

Ky

This total stiffness may be decomposed into a bending component and a shear
component yielding

(. _ __SEI
B." 213, 3n2
and
AG
i
Ks = T
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Table VI summarizes the various stiffness values that could be calculated

for this test structure, depending upon how effective the end walls are assumed
to be and also depending upon which value for modulus of elasticity is used.

The average peak strain gage readings on the rebar for the 50-, 100-, and

200-psi ABSS load cycles are plotted in Figs. 32-37. Also shown on these plots

are the strains calculated from FEA and SOM. In the linear region, consistent
results were obtained for both the end wall and the shear wall. These results

compared very well with the calculated strain values (FEA and SOM).

200-psi ABSS cycle, cracking can be identified by the large jump in strain

values, particularly at the north portion of the end wall.

Based on the results of the modal analysis and the initial precracking
load cycles up to 100-psi ABSS, the initial stiffness of this structure is
within 96-99% of the theoretical stiffness as determined from either a finite

TABLE VI
THEORETICAL STIFFNESS VALUES

tffect of End

During the

Wall on the Average

Moment of /Modulus from Test /o 5 Modal

inertia of Cylinder 57,000 Vf. 33w ‘5\/fc Ultrasonic Analysis
Elasticity 3.23 x 106 psi 3.68 x 106 psi 3.43 x 106 psi 3.2 x 106 psi 3.45 x 106 psi

6 4 6 3 6

Full Section ;= 8.42x10 9.60 x 10 8.95 x 10 8.35 x 10 9.00 x 10
2.78 x 10° in.% Kg = 50.6 x 108 58.1 x 10° 54.7 x 10° 50.6 x 108 54.0 x 10°
Kg = 10.1 x 10° 1.5 x 10° 10.7 x 108 10.0 x 10° 10.8 x 108

. 3 3 3 3 6

AC1 T Beam Criteria K‘. = 5.81 x 10 6.62 x 10 6.17 x 10 5.75 x 10 6.20 x 10
7.46 x 10° in.? Kg = 13.7 x 10° 15.6 x 108 14.6 x 108 13.5 x 10° 14.6 x 10°
Kg = 10.1 x 10° 1.5 x 10° 10.7 x 10® 10.0 x 10° 10.8 x 10°

6 6 6" 6 6

Total Neglect K, = 4.02 x 10 4.58 x 10 4.27 x 10 3.98 x 10 4.29 x 10
of End Walls Kg = 6.68 x 10° 7.61 x 10° 7.10 x 10° 6.61 x 10° 7.12 x 10°
3.645 x 10° in." Kg = 101 x 10° 1.5 x 10° 10.7 x 108 10.0 x 10° 10.8 x 10°
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element analysis or a strength-of-materials approach. These results also show
that, before cracking, the entire end wall contributes to the flexural stiff-
ness of the shear wall. This width clearly exceeds the portion of the walls
that would be considered effective based on ACI 349-85 T-beam criteria. This
result implies that the usual assumption that plane sections remain plane
during deformation is probably "helped" by the steel plates on top of the
structure.

The first cracking load of 71,000 1b, which corresponds to an ABSS of
130 psi and which produces a maximum normal tensile stress of 171 psi, was
considerably less than would have been predicted from a strength-of-materials
analysis using either the split cylinder tensile strength (SCTS) or the modulus
of rupture, 7.5v[FZ; per ACI 349-85. However, this cracking load agrees
fairly well with the load that ACI 349-85 would predict for first cracking,
82,600 1b. This prediction assumes that cracking will occur when the PTS
reaches 4 J?Z.

A possible source of discrepancies in the strength-of-materials analysis
is that the end walls are only partially effective at the time of cracking.
Agreement between predictions based on the PTS and the SCTS can be obtained at
this load if this assumption is made; however, this assumption cannot be
verified from the instrumentation readings obtained during the test.

This first cracking Toad would correspond to the load induced by a 1.6-g
maximum horizontal acceleration earthquake with no amplification. The previous
large-scale shear wall structure, TRG-3, which is similar to the structure
reported herein but with 4.0-in. walls and which was dynamically tested and
reported in Ref. 5, showed a reduction in stiffness of 4 during a 0.73-g peak
horizontal acceleration earthquake. This seismic excitation corresponded to
an equivalent static load of 32,900 Tb., an ABSS of 91 psi, and a principal
tensile stress of 92 psi, well below stress levels predicted to produce
cracking. Obviously, there still remains a significant difference between the
static and dynamic response of the similar structures tested at similar load
Tevels. It is felt that at least one additional dynamic test will be required
to clear up this discrepancy. Ideally, this test should be performed on a
structure made of typical reinforced concrete (3/4-in. aggregate and No. 3
rebar). Also, the structure should be constructed at the test site to
eliminate shipping damage as a possible source of reduced stiffness.
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The ultimate Toad of this structure exceeds the design load specified by
ACI 349-85 (126,000 1b). However, it should be pointed out that the reference
on which the ACI design criteria is based, Cardenas et a].,zo does not
consider the effects of the boundary elements. The ABSS at failure, 260 psi,
was slightly lower than had been observed in other static tests carried out in
this program on microconcrete isolated shear walls (290-psi ABSS). This reduc-
tion was partly caused by the relatively higher tensile strength of micro-
concrete as compared with conventional concrete.

VIII. ADDITIONAL RESULTS FROM EXTERIOR DISPLACEMENT GAGES

The results of data obtained during the static load test on the TRG-4
model presented thus far are based primarily upon the eight displacement gages
that measure relative motion of an interior segment of the shear wall and on
the strain gage data. A total of 24 displacements was measured during the
test, as shown in Fig. 14, and these additional 16 displacement measurements
permit additional results related to the deformation process of the model to
be determined. The further data reduction has been done from these exterior
gages, and the results are presented in this section.

A. _Comparison of Deformations from Relative and Absolute Displacements

The locations of the displacement gages on the model were selected so that
the deformations could be determined two different ways. The eight gages
mounted on the interior of the shear wall measured relative displacements of
the two ends of the gaged length, and these gages have been referred to as the
interior or internal gages. The 16 gages mounted around the exterior of the
model are referred to as the external gages. All except two of the external
gages measured displacements with respect to a fixed reference (i.e., fixed
for practical purposes). The two exceptions were the two gages on the exterior,
which measured relative vertical displacements. 1In this section, certain
deformation quantities are determined from both the internal and external gages
and compared.

Figures 38 and 39 show the average base shear stress versus the hori-
zontal or X-component of the total deformation for all of the load cycles,
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based upon the internal gages and external gages, respectively. Figure 38 is
the same as Fig. 17, except that it is shown in terms of shear stress, and is
included here for ease of comparison. A study of these graphs shows that
during the failure cycle the deformation shown by the external gages is sub-
stantially greater than that shown by the internal gages, indicative of crack
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Fig. 38. X-component of total defor-
mation for all load cycles
based upon internal gages.
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Fig. 39 X-component of total defor-
mation for all load cycles
based upon external gages.
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formation in the wing wall area. Figure 39 also shows that there were several
spurious data points during the 200-psi load cycle, but they did not cause
problems in interpreting the results.

Figures 40 through 45 show the total deformation results for the 50-psi,
100-psi, and 200-psi load cycles individually, and Figs. 46 and 47 are for the
failure cycle. Of note on these graphs are the following:
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Fig. 40 X-component of total defor-
mation for the 50-psi load
cycles from internal gages.
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Fig. 41 X-component of total defor-
mation for the 50-psi load
cycles from external gages.
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1. the presence of hysteresis even at the lowest stress level;

2. the formation of the first crack at aproximately 120 psi during the
first 200-psi load cycle for each direction of Toad; and

3. the decrease in the slope after the formation of the first crack;
both internal and external gages show this feature.

Figures 48 and 49 show the results for the first load cycle at each
stress level.

Table VII is included for ease of comparison of numerical values for the
internal and external gage results. In this table and subsequent similar
tables, the peak-to-peak deformation has been given rather than zero-to-peak
deformation to eliminate the effect of the apparent zero shifts. The last
column has been included to make internal and external gage results comparable.
The internal gages cover a shear wall height of 72 in., and the external gages
cover a height of 98 in. The factor 98/72 was used as a multiplier for the
internal gage values to determine the "adjusted" gage readings given in the
last tolumn. A comparison of the total deformation from the external gages
and the adjusted internal gages shows that there is excellent agreement before
the cracking of the shear wall. After cracking, the agreement is not as good,
as might be expected because of the effect of the cracks.
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mation for the first cycle
at each load increment from
internal gages.

TABLE VII

20

00 |

-20

X COMP. OF DEF. X 102 (IN)

X-component of total defor-
mation for the first cycle

at each load increment from
external gages.

PEAK-TO-PEAK TOTAL DEFORMATIONS

Total Deformation (in.)

Internal External Internal Gages*
Stress Level Gages Gages Adjusted
50 psi 0.0059 0.0083 0.0080

100 psi 0.0139 0.0188 0.0189

200 psi 0.042 0.044 0.057
(1st cycle)

200 psi 0.053 0.055 0.072
(3rd Cycle)

Failure 0.25 0.40 0.34

* Linearly adjusted for the difference in shear wall

height covered by gaging.

Figures 50-59 show the corresponding graphs from both internal and ex-
ternal gage for the shear deformation only.
the total deformation results are also <een in the shear deformation results.
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Fig. 52. X-component of shear defor- Fig. 53. X-component of shear defor-
mation for the 50-psi load mation for the 50-psi load
cycles from internal gages. cycles from external gages.

Table VIII shows the corresponding numerical values. The agreement is again
excellent for the load cycles before cracking.

The bending deformation for the first load cycle at each stress level is
shown in Figs. 60 and 61, and Table IX shows numerical values from the graphs for

comparison. There was still excellent agreement between the comparable internal
and external values before the first crack appeared.

47




0.0 100
§ 80 § 60
2 %
g 20 x 20|
a 7
E 20 E 20
3
§ .80 % -60 |-
"0 . 4 2 0 2 4 8 "0 . -4 0 4
X COMP. OF DEF. X 102 (IN) X COMP. OF DEF. X 103 (N)

Fig. 54. X-component of shear defor- Fig. 55. X-component of shear defor-
mation for the 100-psi load mation for the 100-psi load
cycles from internal gages. cycles from external gages.

20 20
Z 10} : z 10 |-
= o
x x
g 00 | % 00 |
7 7
o
-20 -20
-2 -1 o] 1 2 3 4 -4 -
X COMP. OF DEF. X 107 {IN) X COMP. OF DEF. X 102 (IN)

Fig. 56. X-component of shear defor- Fig. 57. X-component of shear defor-
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cycles from internal gages. cycles from external gages.

In comparing the numerical values for the internal and external gage
results, it is of interest to consider the data reduction process used to
obtain the external gage results. The external gages measure displacements
with respect to a fixed reference frame (i.e., the external frame supporting
the gages), and the test item/loading frame assembly moves relative to the
fixed frame. Therefore, it is necessary to correct the displacement gage
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58. X-component of shear deforma- Fig. 59. X-component of shear deforma-
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each load increment from in- each load increment from ex-
ternal gages. ternal gages.

TABLE VIII

PEAK-TO-PEAK SHEAR DEFORMATIONS

Shear Deformations (in.)

Internal External Internal Gages™®
Stress lLevel Gages Gages Adjusted
50 psi 0.0049 0.0069 0.0066
100 psi 0.0109 0.0140 0.0149
200 psi 0.034 0.041 0.046
(1st cycle)
200 psi 0.045 0.050 0.060

(3rd cycle)

* Linearly adjusted for the difference

height covered by gaging.

in shear wall
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cycle at each load incre- cycle at each load incre-
ment from internal gages. ment from external gages.

TABLE IX

PEAK-TO-PEAK BENDING DEFORMATIONS

Bending Deformation (in.)

Internal External Internal Gages
Stress Level Gages Gages Adjusted
50 psi 0.0008 0.0013 0.0011
100 psi 0.0020 0.0028 0.0027
200 psi 0.0085 0.0049 0.0116

* Linearly adjusted for the difference in shear wall
height covered by gaging.

readings for the motion of the test assembly, referred to here as rigid body

motion, in order to get the displacements caused by the deformation of the test
item. Figure 62 shows the assumed rigid body motion of the test item and
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defines the terms used in the equations given below. These equations were

used for calculating the corrected displacement values.

R -R
8 = arctan —fg—:-;XL N
2 1
AX1 =Ry - X o Xy (1 - cos 6) - Yi - ¥, sin 6

AYi =R, + x, - X, sin @ -y, -y, (1 - cos ©)

S———

-POINT i
«

i

POINT 1 POINT 2

———————————————— ~——--LOAD

POINT i (AFTER
RIGID BODY MOTION)

l POINT i (BEFORE
RIGID BODY MOTION)

x;s ¥; = COORDINATES OF ith POINT FROM FIXED
REFERENCE, BEFORE MOTION

R,; = READINGS OF THE x AND y GAGES FOR

in' yi
THE ith POINT, AFTER MOTION

Fig. 62. Rigid body motion of model.




Here, AXi and AYi are the rigid body motion of Point A caused by the
change of angular position, 6, and the motion of the reference Point 1. Now,

in(correct) = in - AXi ,

1(correct) =R . - AYi .

Ry yi

To demonstrate the effect of these calculations on the results, certain
total deformation results were determined without the use of this data correc-
tion technique. Figures 63 and 64 show plots of these results, and .they should
be compared with Figs. 39 and 49. The maximum deformation when determined with-
out the correction technique (Fig. 64) is about five times that with the
correction. The fact that the deformation from the internal and external gages
(as corrected for rigid body motion) agree within a few tenths of a mil (before
fracture) is indicative of the validity of the data and results.
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Fig. 63. Total deformation for all Fig. 64. Total deformation for the
load cycles from uncor- first cycle at each load
rected external gages. increment from uncorrected

external gages.

B. Ratios of Deformation Components

It is of interest to determine the ratio of shear deformation to total
deformation for this test. This ratio was calculated using the results from
both the internal and external gages. The deformation used in determining
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gages for all load cycles. gages for all load cycles.

these ratios was the X-component of the total deformation. The ratio was
determined for each load increment, and the results were plotted versus the
average base shear stress. Figures 65 and 66 are the plots for all of the
load cycles. Near a stress level of zero, the ratio may become large, even
greater than one. These values should be ignored because, as the load
reverses, the total deformation, which is the denominator of the ratio, goes
through zero. This singularity, coupled with the apparent zero shifts, causes
the erratic behavior at low stress levels. The ratio values of significance
in these graphs are the ones that converge at peak stress levels. Figures 67
and 68 are plots that show the first load cycle for each new maximum stress
level. On these figures, the occurrence of the first crack during the 200-psi
cycle can be easily identified as the point where the slope decreases sharply
for increasing load magnitude. Figures 69 and 70 show the ratio variation
during the failure load cycle.

Table X has been prepared for ease of comparison of numerical values from
the plots. It may be concluded from this table that the ratio of shear to
total deformation is 0.85 before initial cracking for a model having an aspect
ratio of 1.0. It may also be concluded that after cracking first occurs the
deformation ratio is still approximately 0.85, but there is more variation in
the value. This variation is possibly caused by the types of crack patterns.
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TABLE X
RATIO OF SHEAR TO TOTAL DEFORMATION

Ratio, Ratio,
Stress Internal External
Level Gages Gages
L 3 *
50 psi 0.84 (0.84) 0.85 (0.85)
100 psi 0.85 (0.85) 0.88 (0.82)
200 psi 0.82 (0.78) 0.90 (0.88)
Fajlure 0.78 (0.82) 0.70 (0.90)

* The value in the parenthesis is the
ratio for the negative load direction.

C.__Twisting Deformation

The point of application of the load on the model was selected so that
Onder ideal conditions there would be no torsional deformation of the stucture
during testing, but achievement of the ideal condition could not be expected
in the hardware. OQutboard gages were placed within 1 in. of the outside edges
at the top and bottom corners of the specimen to determine the amount of
twisting of the model.

Data from these gages can be reduced and presented several ways to show
how much twisting occurred during the test. Figures 71, 72, and 73 show the
angle of twist at the "fixed" end or bottom of the model. Angular position is
relatively Tinear with load for the 50-psi and 100-psi load cycles, but, once
cracking occurs during the first 200-psi load cycle, the twist becomes highly
nonlinear. Figures 74, 75, and 76 show the angular position at the top edge.
The twist of the top edge at 200 psi is not as erratic as at the bottom edge,
and the effect of the first crack at about 130 psi can be located in Fig. 76.

Another parameter that can be used to evaluate the degree of twisting is
the torsional deformation of the model, i.e., the angular position of one end
relative to the other. Figure 77 shows these results for the 200-psi load
cycles and the failure cycle. Below 100 psi for the first load cycle, the
function is essentially linear and of the order of 10-5 radians (0.0006°).
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The hysteresis occurring in the load cycles after cracking, including the
failure cycle, results in substantially larger twisting deformation.
One last way of understanding the amount of twisting in the model is to

look at a comparison of the readings of the outboard gages to the corresponding
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center gage. This comparison has been made in the form of the ratio of the
difference in the outboard gages divided by two to the center gage, and Figs.
78 and 79 show this ratio for the 100-psi load cycles for the bottom edge and
top edge gages. In these graphs, the peak readings are the most meaningful
because the hysteresis-type behavior of the model causes this ratio to be mis-
leading for low loads. Consequently, the ratios of the low loads have been
deleted from the graphs to show the ratio at peak readings. The ratios are

in the range of 3 to 13%, as compared with an ideal value of zero.
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Fig. 78. Ratio of the twisting dis- Fig. 79. Ratio of the twisting dis-
placement to the center placement to the center
displacement, both at the displacement, both at the
bottom edge. top edge.

D. _Motion of Shear Wall Relative to Floor and Ceiling

Two of the digital gages were located to show the motion of the floor and
ceiling relative to the shear wall. Figure 14 shows all of the gage locations,
and Figure 80 is included here to show only the gages used for the results
presented here. Figures 81-84 show the difference in the readings of the two
gages above and below the floor in these figures for the load cycles through
the fracture cycle.

Because the gages are 8 in. apart, the shear deformation would cause the
observed difference in readings before any cracking. The slopes for the 50-psi
and 100-psi tests are essentially the same. For the first load cycle to 200
psi (Fig. 83), the same slope is seen to about 130 psi, at which point the
slope decreases. This load corresponds to the appearance of the first cracks in
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the model. A corresponding change in slope appears in the first reverse load
at about 120 psi, again in agreement with the cracking during that load cycle.
Figure 84 shows the last 200-psi cycle and the fracture cycle. The first
fracture cycle (negative load) did not cause additional cracking at the
interface of the shear wall and floor, but the first positive load for this
cycle produced additional-relative motion below 200 psi.

Figures 81-84 show results from the gage reading, which were not corrected
for the rigid body motion. The corresponding graphs for which the rigid body
motion has been removed are shown in Figs. 85-88. In general, removing the
rigid body motion reduced the magnitudes of the relative motion shown and
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and shear wall interface for and shear wall interface for
the 50-psi load cycle using the 100-psi load cycle using
corrected data. corrected data.
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corrected data.
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accentuated the appearance of discontinuities in slope at loads where cracks
occur. A comparison of Figs. 87 and 88, with Figs. 83 and 84 demonstrates this
point. Figure 85 suggests that the removal of rigid body motion introduces
noise into the results, but here consideration must be given to magnitudes,
i.e., 0.0001 in., between divisions.

Similar figures have been prepared for the interface of the shear wall and
ceiling. Results from the uncorrected data are shown in Figs. 89-92. These
figures show the same characteristics as those of the floor and shear wall
interface.
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Figure 91 demonstrates that three bad data points were recorded.

Also, the

cracks that occurred around 130 psi at the shear wall/floor interface did not

occur at the shear wall/ceiling interface.

The results of the last 200-psi

cycle and the fracture cycle presented in Fig. 92 show that a fracture at the

interface occurred below 200 psi for the negative load.

The results from the

gage readings after correction for rigid body motion are given for purposes of
comparison in Figs. 93-96.
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IX. HYSTERETIC ENERGY LOSSES IN THE TRG-4 STRUCTURE

The hysteretic energy losses that occurred during each load cycle were
deduced based on the displacement determined from the interior relative dis-
placement gages. Data from the exterior gages were also examined, but the
results were not as consistent, even with the corrections for rigid body
motion. For all the load cycles, the hysteretic energy losses have been
related to equivalent viscous damping coefficients.

Table XI summarizes the hysteretic energy losses measured during each load
cycle. The hysteretic energy loss is defined as the area between the load
deformation curve (Fig. 97) and was calculated numerically using a trapezoid
integration rule. Several load cycles did not form a closed load deformation
loop. When this occurred, the integration scheme connected the terminal point
with a straight line to the initial point. Errors induced by this scheme were
considered negligible.

To obtain an equivalent viscous damping coefficient, the energy dissi-
pated by viscous damping, UVD’ in a linear single degree of freedom during

TABLE XI
HYSTERETIC ENERGY LOSSES FOR TRG-4

Peak
Average Hysteretic Equivalent
Base Shear Peak Energy Viscous
Load Stress Force Loss Damping
Cycle (psi) (1b) (in./1b) (% of critical)
1 50 27,000 29 5.9
2 50 27,000 35 7.0
3 100 54,000 113 5.2
4 100 54,000 81 3.7
5 100 54,000 77 3.5
6 200 108,000 1,560 *
7 200 108,000 940 5.7
8 200 108,000 888 4.9
9 260 140,400 16,400 *
10 50 27,000 582 6.3

*Cycles that exhibited nonlinear response. Stiffness was not well defined
during these cycles.
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steady-state response to one cycle of harmonic forced excitation is equated to
the hysteretic energy loss, UH' during one cycle of static loading. From
Ref. 21, the energy lost because of viscous damping is

Uyp = ™A% (2)
where

C = viscous damping coefficient,

A = amplitude of steady-state vibration,

w = frequency of steady-state vibration,
and

Up =H , (3)
where

X
]

area within the hysteresis loop.
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Equating Eqs. (2) and (3) yields

c.—1H (4)

wAzw

For a single-degree-of-freedom system, the critical damping coefficient,
C_, is defined as

c
CC = 2/ km , (5

where

the structure's stiffness,
the structure's mass.

Dividing both sides of Eq. (4) by C. yields

_C H

- — (6)
Co ™ 20A%0/km

As stated in Ref. 21 the most significant influence of damping occurs
around the resonant frequency, and, for a single-degree-of-freedom system,
that frequency can be expressed as

Substituting Eq. (5) into Eq. (6) yields the expression used to calculate
the equivalent viscous damping values shown in Table XI.

c_ H

Cc  20A%

This calculation gives the most accurate results during cycles where the
response was linear and where the stiffness was thus well defined. The stiff-
ness was calculated as shown in Fig. 97.
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These equivalent viscous damping computations yielded values similar to
those measured on the microconcrete isolated shear walls (Ref. 2). The values
measured on TRG-4 are comparable to those reported by Housner,22 et al., 5%
of critical, and those allowed by NRC Regulatory Guide 1.6123 for an operat-
ing basis earthquake or 1/2 safe shutdown earthquake, 4% of critical. The
damping at low stress values suggested by Newmark and Ha1124 are much lower
than those determined in this investigation. As an example, Newmark and Hall
suggest values of 0.5-1.0% of critical before cracking, and values of 3.3-6.6%
of critical were measured before cracking on TRG-4. The damping values meas-
ured on TRG-4 also compare favorably with the average measured data from
nuclear power plant shear wall buildings reported in Ref. 25. The buildings
were tested at stress levels below 25% of yield, and an average damping value
of 5.2% of critical was determined from these data.

During the first 200-psi ABSS cycle, the structure cracked and the hyster-
esis area was considerably larger than that found during the previous load
cycles. However, the subsequent load cycles at 200-psi ABSS had a hyster-
etic energy loss that was only on the average of 58% of the loss during the
first cycle. This finding implies that the damping that occurs during the
first nonlinear load cycle is significantly greater than that which occurs
during subsequent cycles at a similar or lower load level. Also, this result
implies that the damping in the nonlinear range is a function of the struc-
ture's prior load history. The largest energy loss occurred during the failure
cycle (260 ABSS, Cycle 9), as expected.

Finally, it is of interest to compare the hysteretic energy loss before
and after the structure failed. During the first two 50-psi ABSS cycles the
energy loss averaged 32.5 in./1b while an energy loss of 582 in./1b was meas-
ured during the final 50-psi ABSS cycle. The equivalent viscous damping was
measured at an average value of 6.2% of critical initially and was found to be
6.3% of critical during the final cycle. The damping value calculated during
the final cycle is an example of where the assumption of a constant viscous
damping mechanism and the assumptions regarding the structure's stiffness can
give misleading values for a damping coefficient. It is clear that percent
equivalent viscous damping can be wildly misinterpreted if care is not taken
in analytical modeling of nonlinear structures.
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X. OTHER INVESTIGATORS' RESULTS

Figures 98-101 provide a summary of the available static test data for
Tow-aspect-ratio reinforced concrete shear walls. These figures give a
comparison between other investigators' results and the results obtained in
the Seismic Category I Structures Program.
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Fig. 98. Other investigators' results:
theoretical versus measured
stiffness.

At first cracking, the measured secant stiffness versus theoretical (SOM)
stiffness is plotted in Fig. 98. The majority of test data on actual concrete
test specimens, including the structure tested in this investigation, indicates
that, before cracking, an SCM analysis gives an accurate prediction of the
shear wall's stiffness. Microconcrete, however, seems to show a considerable
reduction in stiffness before the first cracking load. Several investigations
of actual concrete structures report similar reductions in stiffness before
cracking such as those observed in LANL's microconcrete models.
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Figures 99 and 100 compare the principal tensile stress at first cracking

with the measured split cylinder tensile strengt
strength value specified by ACI 349-85 as (4 V?;

and the empirical tensile

From these plots, it

is evident that the ACI value is conservative while the measured split cylinder
tensile strength seems to overpredict the stress values that have been obtained

at first cracking in actual testing.

The larger the relative size of the end

wall to the shear wall, the less conservative the ACI value becomes.

300

N
o
o

100

ACI DESIGN LOAD (lbs x 10°%)

TRG4

REFS. 3, 4

REF. 29

REF. 27

REF. 26

REF. 32

REF. 31

REF. 28 % .

> B 4 O > O O @

|

200 300

MEASURED ULTIMATE LOAD (lbs x 107)

Fig. 101.

Other investigators' results: ACI

design load versus ultimate load.

Finally, Fig. 101 compares the ultimate strength of the shear walls with

ACI 349-85's design strength.
be conservative.

In almost all cases, the ACI value appears to
Data for Figs. 95-101 were obtained from Refs. 3, 4, 26-32.
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XI. CONCLUSIONS

One of the primary purposes of this test was to determine whether, during
a carefully monitored static load cycle test, a stiffness reduction of four
would occur at similar load levels as had been observed in dynamic tests.
During the precracking load cycles and the Tow-Tevel modal analysis, no stiff-
ness reduction was observed, and the response of the structure was accurately
predicted with currently used Tinear analysis techniques based on strength
of materials. These same linear analysis techniques have not adequately pre-
dicted the dynamic response of structures previously tested in the program
even though stress levels during the dynamic tests were well below those
required to crack the structure.

Hence, several questions arise about previous tests conducted in this
program and the dynamic behavior of actual Seismic Category I structures. 1In
particular, the following possibilities must still be considered. (1) Does
microconcrete adequately simulate actual concrete in both static and dynamic
response? (2) Were previous models damaged before testing, either by handling
or, in the case of smaller structures, shrinkage cracks? (3) Do dynamic
effects cause the discrepancy between the reductions in stiffness observed
statically and dynamically? (4) Have the boundary conditions been properly
accounted for in all testing and analyses? These questions should be answered
if possible from future tests.

This test was also instrumented to provide information on the effective-
ness of the end walls, and, up until first cracking, they appear to be fully
effective. However, the concrete and steel slabs at the top of the structure
force the cross-section to remain plane, thus reducing the shear lag effect.
After cracking, the extent of the slab's contribution is not clear.

The ability to separate shear and bending components of deformation was
clearly demonstrated. Loss of stiffness was shown to occur equally in each
component of deformation.

Another model is currently being constructed that is identical to the
large model reported in Ref. 5. The previous structure of Ref. 5 was tested
dynamically, and the structure being constructed will be tested statically and
cyclically in a fashion similar to the one reported here. The direct com-
parison between static and dynamic tests will be used to further clarify the
reduced stiffness issue.
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APPENDIX A

STATISTICALLY PLANNED TEST MATRIX

Appendix A is an excerpt from an informal report to the
Technical Review Group following a meeting on April 1,
1986. It is reproduced here to clarify the thoughts that
went into model selection. The complete plan was never
carried out in its entirety because of funding limitations.




STATISTICALLY PLANNED EXPERIMENTS FOR A
MODEL TO DETERMINE SEISMIC WORKING
LOAD STIFFNESS AS A FUNCTION OF
ASPECT RATIO AND PERCENTAGE
STEEL REINFORCING

by

Charles R. Farrar and Aaron Goldman

This paper summarizes the test plan developed by our statistician, Aaron
Goldman, for the upcoming static load deflection tests. In review, at the
Technical Review Group (TRG) meeting of April 1, 1986, it was decided to main-
tain the cross-sectional geometry of the TRG-3 model because it has both shear
and bending elements typical of actual Seismic Category I buildings. It was
decided to build these structures with different aspect ratios and reinforce-
ment percentages so that variations in these variables that exist in the actual
Category I structures could be taken into account in the experiments and so
that sensitivity to these variables could be identified. The TRG suggested
that aspect ratios vary from 0.25 to 1.0 and that reinforcement percentages
range from 0.125% to 1.0% each face, each direction.

A matrix of tests with varying aspect ratios and reinforcement per-
centages, Fig. A-1, was set up to aid in the development of a test plan. At
present, it is felt that the nine points identified as A, B, and C on the
matrix, coupled with existing test results, will provide an adequate data base
for determining reductions in stiffness as a function of aspect ratio and per-
centage reinforcing steel.

The test plan begins by sequentially analyzing the four extreme points in
the matrix (marked A) with one model each. The value of the stiffness ratio,
Kmeasured/Ktheory will be plotted versus aspect ratio and percent reinforce-
ment. A surface will be fitted through these four points and points from pre-
vious tests in this program. These four extreme points are optimal choices in
the sense that variances in estimates of Km/Kt will be minimized.(])
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The surface has the following analytical form
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X]+f$2x2 ,

y = Km/KT ,

Test matrix.

Bo’ Bys Bz are parameters to be estimated by the surface fit,
Xy = the variable representing reinforcement percentage, and

Xy

= the variable representing aspect ratio.

(A-1)




Next, an additional two tests will be performed at a percentage reinforce-
ment of 0.56 and an aspect ratio of 0.625, Point B on the matrix. The first
of these two tests is needed in order to perform a statistical analysis that
includes testing for a lack of fit of Eq. (A-1). If there is a lack of fit,
then the actual surface will be a higher-order surface (there is a "hump" in
the surface), and the results from the test corresponding to Point B will not
fall near the previously generated surface, that is, the one initially
generated from Points A and all previous test data. The second test to be
performed with the aspect ratio and percentage reinforcement of Point B will
be used along with the first test at this point to measure the test-to-test
variation of the stiffness. The two tests conducted at the center of the
matrix, Point B, are included as part of the overall test matrix as
recommended by Box and Draper.(Z)

A check will be made to see how well the results corresponding to Point B
fall on the surface generated with Points A and the previous data. If these
points fit satisfactorily, they will be included with the first four, Points A,
and the previous tests, and an updated version of the surface of the form of
Eq. (A-1) will be generated.

If the two new points do not fall near the surface determined by the four
Points A and the previous tests, then only the five points defined by Points A
and B on the matrix will be used to generate the parameters in Eq. (A-1), i.e.,
previous data will not be used. In this case, the assumption being made about
the previous test data taken in this program is that these data may have intro-
duced sources of error, such as microconcrete effects and shipping damage.

The effects of these types of error are reduced using models represented by
Points A and B on the matrix because the models will be built, cured, and
tested in as identical a fashion as possible using standard concrete and rebar.
If Point B falls on the surface generated with Points A and the previous test
data, there will be a good indication that the above-mentioned sources of error
are insignificant in the determination of stiffness. In some sense, an esti-
mate of the magnitude of these effects can be made by comparing surfaces gen-
erated by including the effects, by not including the effects, and by generat-
ing a plane using effects alone.

In either case, a statistical analysis will quantify how well the gen-
erated surface matches the data. If the generated surface is adequate, two
additional tests will be made at optimal locations determined from the
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analysis to further refine the surface. The Tocation of these two additional
tests on the matrix will be somewhat subjective and will be based on results
from the previous tests and the tests corresponding to Points A and B. For
example, if we find a large variance at Point B, we may wish to make the
additional points correspond to B to further refine our estimate of the
variance, or, if a data point is in question as the result of some error in
fabrication or testing, we may wish to retest at the particular point on the
matrix. Also, if, in the course of testing, a point not currently identified
on the matrix becomes of interest, we could make it one of the additional test
points. Obviously, the number of additional test points is somewhat
arbitrary, but we hope two will be sufficient.

If the generated surface is not adequate, the additional points (marked C
on the matrix) will be tested to develop a higher-order surface of the
following form.

y = Bo + B] X| BZ Xy *+ B3 x]2 + B4 xz2 + Bs Xy Xy (A-2)
where

B

j i=0,1, 2...5 are constants to be determined ,

Y, Xy, X, are the same as Eq. (A-1).

Finally, a statistical analysis will provide percent reinforcement, Xy
and the aspect ratio, Xos which maximizes Km/KT’ and will also provide
the appropriate error bounds on this maximum. This point, (x], Xz)' will
then be used as a final test of the surface fit.

A flow chart summarizing the steps in this procedure is shown in Fig. A-2.

At this point, in addition to developing a test plan, a building in which
the model can be constricted and tested in place has been secured, and plans
for a load frame have been developed. The plans are currently being drawn up
so that fabrication can begin. It is estimated that the load frame will cost
less than $15,000. A model with an aspect ratio of one and a reinforcement
percentage of 0.125 will be the first structure tested because we can use the
forms from the TRG-3 model.
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Step 1
Test Points A on Fig. 1 and,
with previous test results,
generate a surface of the form
Y =8Bg + By X3 + By X5,

Step 2
Test to determine whether
Points B on Fig. 1 are
appropriate to include

in the surface. \

Step 3 Step 3
Regenerate the surface Regenerate the surface
using Points A, B, and using only Points A
previous test results. and B.

\‘\. Step 4 “/

Statistically analyze
the new surface fit.

» RN

Step 5 Step 5
Test two additional points Test as many points marked
(location on Fig. 1 C on Fig. 1 as possible
to be determined) and generate a surface
regenerate of the form
Yy =8g + By Xy + By X, y=B8,+B, x +B x

+

2 2
BS xl + B4 X2

+ B5 X1 X2.

| W ¥

Statistically analyze
the new surface fit.

Step 7
Predict values of aspect
ratio and percent rein-
forcement that maximize
KM/KT and determine
their errors.

Step 8
Test the model in Step 7.

*Analysis of results up to this step will determine locations
of these tests on Fig. 1.

Fig. A-2. Testing flow chart.
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APPENDIX B

MATERIAL PROPERTIES TEST TRG-4
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rs.c» Professional Service Industries, Inc.
p sk Albuquerque Tesling Laboratory Division

CLIENT: Llos Alamos National FROJECT: Mectanical Properties of
Laboratory Concrete - Category 1
¥S J576 Seismic IRG 6 Inch-¥Wall

Los Alamos, Nev Mexico B7545
Attn: Mr. Chuck Ferrar

FO Number: 2-1SH BO8ALY

DATE: March 18, 1987 PS1 REFORT NO.: 534-70011 REVISED

As requested, Report No. 534-70011 has been reviewed. It vas deterzined thet
the data obtained from the ca:pressometer was Incorrectly interpreted. The
deflection data fram the crpressameter epparatus has been recuced by 8 factor
of two (2) to obtain the actual deflection ef the test cylinder. The.
modifications to the test date have been made in this report ard te
corresponding modulus of elasticities. have been calculated,

IXIROOUCTION:

Twenty-eight (2B) concrete cylinders (6 in. diameter by 12 in. long) were
delivered to our laboratory by LANL personnel. The specimens represented twd
tetches of ready mixed concrete which have been {dentified as Mix 1 froc Truck 1
arc Mix 2 frcc Truck 2. The age at time of testing was more than 28 days. (Cast
on December 9, 19685).

PROCEIURE:

Tventy (20) of the cylinders (10 frec each mix) were tested in cocpression
deterzine the Modulus of Elesticity sccording to ASTM C 459-81 procedure. Eight
(8) a! the cylinders (4 froc each mix) were tested using the splitting tensile
procedure according to ASTV C 456-71, to determine the tensile strength.

Tre weight of twelve uncapped (12) test specimens was measured to the nearest
0.0l 1b, Tre test set-up for the cpression test 45 shown 4dn Figure 1. A
typical failed ccopression test specimen is shown in Figure 2 and the typical
Sfailure made 16 shown in Figure 3. The test set-up for the indirect tension
test §8 shown in Figure 4, and a typical failed tensile test specimen 45 shown

in Figure 5.
RESULIS:
The results are srrarized on the folloving dats sheets,

Respectfully sutmittad,

DIVISION

YRtz Ctfd_

Patrick Callavan, P.E.
Vice President
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YOUNG S MODULUS DATA

REFERENCE: ASTM Designation C469-B1l:
Standard Test Method for
STATIC MODULUS OF ELASTICITY AND
FOISSNON'S KATIO OF CONCRETE IN
COMFPRESSION

YOUNG*S
SFECIMEN MODULUS
(F&1)

MIX 1 T.11E+06
J.11E+06
Z.QRE+OE
I O7E+06
TLO2EHDE
JL19E+06
3. 1OE+Q6
2. 0BE+OS
S 16E+06
2.98E4Ge

SOMNC D) -

(%Y

MIX 2 T ZTEAOE
J.OIESOG
J.SRE+QS
Z.11E+06E
S 18E+D&
3. 17E+06
Z.39E+06
J.71E+06
J.22E+06
J.BAE+O6

D ) -

D2O0TND

[y

CYLINDER WEIGHTS SELITTING TENSILE TEST DATe

WEIGHT REFERENCE: ASTM Designation C456-71;
(LES) Standard Teet Mettiod for
SFLITTING TENSILE STRENGTH OF

M1X 1 26.70 CYLINDRICAL CONCRETE SFECIMENS
26.80
27.10 FRACTURE SPFLITTING
26.85% LOAD TENSILE
27.10 (LES) STRENGTH
27.00 * 1000 (FST)
27.00
MIY 1 4.7 202, 4
47, 4 JEI.7
MIX 2 27.10 41,0 3&2.5
27.30 37.9 RDAN
27,20
27 .0
27.40 MIX 2 4,7 28&.4
42,1 I72.2
I7.5 D42
35.4 248,49
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®  TEST DATA 3

o '
MIX 1: SFECIMEN 1
DATE TESTED: 1/26/87 i
™
LOAD STRESS READING DEFDRM. STRAIN y
(LRS) (PET) (IN) (I :
#1000 «0.0001 «0,0001 y
Q.0 0. 00 o 0.0 0,00000 3 M
S.0  176.848 1 0.5 0.00001 v
10,0 353.66 7 I.e 0,00004 o
15.0 £30.52 14 7.0 0,00009 4
20.0 T07.36& 22 11,0 0, 00014 - .
25,0 884,20 32 16,0 0, 00020 4N *
30.0  1061.03 41 20.5  0O,000%6 "
35.0 1237.87 49 28,5 0.00071 -
40.0 1414.71 59 26,0 000076 0o ¥
45,0 1591.55 70 35,0 0.00044 in o
0.0 1768.39 8u 40,0 0.00NS0 L~ ;
E5.0 0 1945.23 9 45,0 0,00056 p o oy
cu. 0 212207 104 SZ.u 0 0, 0006% ne
5.0 2298.91 114 7.0 0.00071 w3 A
70,0 R475.75 127 0.5 0.00079 Y oy -
75.0 2&52.5S 142 71,0 0.00089 ;—f - X
81.0 282Xv.42 153 76.5 0. 00096 Ve .
85.0 006,26 167 .5 0.001048 .
9u.0 16T, 10 188 4.0 G.00118 w
¥5.0 I359.94 207 102.5 0.00129 15 =
100.0  3536.78 227 112.5 0.00142 X
105.0 T713.62 rrtd 127.5  0.00159 .
110, 0 IE90. 46 294 149.0 Q00186 X
110.5 I90B.14 FRACTURE y
1 -
X
u'.5' X
£
AR 1

Q008 0.00M 0004 G.OM2a Q00 b Q.00 2084

STRAIN




68

MI¥ 1: SFECIMEN 2

DATE TESTED:

LOAD
(LBS)
*1000

0.0

S.0
10,0
15,0
20.0
25,0
0.0
35.0
40,0
45,0
S0.0
8.0
6L, 0
&%. 0
70,0
75.0
Q.0
8.0
Q. Q
95, Q
100,Q
105.0
107.0

1726/87
STRESS READING
(FSI) (IN)

«0, 0001

O, 00 Q
176.84 1
T8T.68B 6
ST0.82 16
707 .36 =4
884.20 3
1061.07 42
1237.87 S
1414.71 &1
1591.55 71
1768.79 82
1945.27 Q4
1207 3OS
o09a.91 117
287,79 120
2652.59 143
g6, 42 157
2006, 26 7%
2163.10 195
JIT59.94 214
556,78 237
T713.62 28D

3781.36 FRACTURE

DEFORM.
(IN)
+0. 0001

G, 0

0.9

2.0

e,0
12,0
16.5
21.0
26,0
J0.5
25.59
41.0
47.0
£52.9
8.5
60,0
71.5
78. S

7.9
97.%5
i i:l'," R
118. 4
14,0

STRAIN

G, 00000
O, 000018
0, OO0O04
0, 00010
O, ONn015
0. 00021
O, 0002

Q. 00077
Q. D007 R
0. 0044
0. 0008:
0. 0005
0. O00%E
0. 00073
4, Q0081
. QLogs
0, 00098
0, 00109
Q. 00122
0. 00134
O, 00148
Q. O017S

— - e

- .

ST

=4
TTH CumandIs’;

-

415

42

>

(‘-‘ I' [ 3

oK

N OO0
'u'.{.) W'

00

G
L0008

g2

STKAIN

Q.OME

1 {
.00

{

O l)

AL

4




g MIX 1: SFECIMEN 3 35

)
DATE TESTED: 1/26/87
LOAD STRESS READING DEFORM. STRAIN
(LES) (FSI) (IN) CIND 44
#1000 «0.0001 #0.0001 %
Q.0 Q.00 o 0.0 Q.00000 b
5.0 176.84 1 0.5 0.00001 ,
10,0 357.68 2 4,0  0.00005 35 :
15.¢ S30.52 1% 7.5  Q.00009 X
0.0 T07.36 21 10,5 0,00017
25.0  884.Z0 i 16,0  0.000620 s
Ju.0 1061.03 41 20,5 0.00026 T N
35.0 1237.87 51 2.5 Q.00032 el ~
40,0 1414.71 &0 T0.0 0 000070 .
45.0 1%61.5% 72 S6.0  0.00045 !
=0.0  176B.39 e1 40.5  0.00051 ;}a N
S5.0  1745,20 2y 45,0 (L0005 g ar
6O.0  ZTIDTLO7Y 104 E2.0  0.00065 r of
65,0 2063.91 117 S8.5  0.00072 ‘40 ¥
FGLO O 2475.795 120 65,0 0, 00008 [ e -
75.0 D65I.59 143 T1.5  0.0008% w3 ¥
an.0 28I%.4C 159 7%.5  0.0008¢ 4 e -
BS.0  TO0&. 26 174 TL0 0,00109 }.f o X
Q0. T1EI.10 186 Q4.0 O, 00316 B ,
5.0 I359.94 208 102.5  0.00128 &
100.0  T536.78 oz 113.0 0.0014) o
10%.0 IT715.62 25 5.5 0.00157 1L o .
1186.0 2870, 46 280 14G.0  ©O.00175 7,
114.0 4031.93 FRACTURE 9y
l.\l
e
b3
H e
x
:
Y

.00 .00 G Qo2 Q.06 OV VG

STRAIN




L8

TEST DATA r

i
MIX 1: SFECIMEN 4
DATE TESTED: 1/26/87

"

LOAD STRESS READING DEFOKM. STRAIN 44

(LES) (FS1) CIN) C(IN)

1000 *0,0001 +0.0001 5
0.0 0. 00 d Q.0 Q.00000 Ik X
.0 176.84 ) 0.0 0, 00000 ) "
10.0  35T.68 3 1.5 Q,00007 L
5.0  S30.52 10 5.0 0.00006 oy

20.0  F07.3& 18 5.0 0.00011 .
25,0 884.20 27 13.8 0,00017 I ¥.
30.0  1061.03 37 18.5  0.00023 : .
35.0 1237.87 45 3.0 0, 000209 ¥
40,0 1414.71 s 7.5 Q.00034 = y
45,0 1591.5% &7 3I3.5 0. 00ual a'" '
50,0 1768.79 76 38,0 0.0004R E 25
5.0 1945.2% 86 3.0 0.00054 ‘1 y
60.0  2127.07 97 4B.5  0.00061 0 kA
£5.0 2278.91 113 56.5  0.00071 h;g .
70.0 2475.7% 126 63.0 Q. 0007% Pl L
75.0 2652.59 139 65.5 0. 00087 }[L ol X
BO.0  2BI9.47 154 77.0  0.Q00%& nh ’
85.0 J006.26 172 B&. 1 0.00108 1
90,0 3183.10 167 92,5 Q.00117 )
95.0 5359.94 213 106.5 0.00133 it b
100.0  T536.78 238 119.0 0. 00145 - Y
105.0° T717.62 278 135.0 0.001748 ™
106.5 376&.67 FRACTURE X
¥
4
“
X
08 4=
¢
1
D &

0.0000 000 (o Q.02 QUNE Q008 Q.0

STRAIN




X TEST DATA 45
MI¥X 1: SFECIMEN S
DATE TESTED: 1/26/87 48
&
LOAD STRESS READING DEFORM. STRAIN i
(LES) (FSI) (IN) C<IN) o
*1000 «0.0001 «0.0001 n
L T X
0.0 0.00 o 0.0 0.00000 N
5.0 176.84 o O.0 000000 X
10,0 S5T. 66 ) 2.5 0.00003 $
15,0 S30.52 11 5.5 0.00007 4
0,0 707.36 1 10,5 0.00013 i s
25.0 B8a4.2v 2 14.0  G.00018 v o
0.0 10&1.03 ot} 19.0  0.00074 X
3S.0  1277.87 49 24,5 O,00031 .
40.0 1414.7% 60 30.0  0,00078 e X,
45.0 1591.55 69 34,5 0.00033 ip or
50.0 1768.3% |1 40,8 0.00051 t -
5.0 1945.2C 91 45.5  0.00057 oo ¥
60,0 122,07 103 S1.5  0.00064 b e -
65.0 229,491 118 59,0 0.000745 W X
70.0 T475.75 1 64.5  Q.0Q001 Y oap
75.0  2652.59 142 71.0  G.00085 RS B
BO.0  Z829.42 158 FO.0 0. 0006 Ve e
85.0 3I006.26 173 87.0 0.00107 £
Q0.0 3182.10 19 G&.0  O.G0120 v
95.0 T359.94 214 107.0  0.00133 E
100.0 3526.78 et 119.0  6.0014% Y]
105.0 I712.62 268 127.0  0.00166 \
110,0 3890.44 ~14 157,00 Q. 00ive o
111.5 3943.51 FRACTURE y
HEE
»
X
l"-‘E. X
»
)4
el
.00 £.000M Qo8 ot GOME 000 Sax4

STRAIN




68

TEST DATA

MIX 1: SFECIMEN &

DATE TESTED:

LOAD
(LEKE)
#*#1Q00

Q.0

S.0
10,0
15,6
20,0
25.0
30,0
3%5.0
40,0
45.0
S0. 0
SS5.0
60,0
65.0
7. G
75.0
0,0
e5. ¢
Q0.0
%, 0O
100, 0
10%.0
109. %

1/26/87
STRESS READING
(FSI) (IN)

*0. 0001

0,00 Q
176.84 1
352,686 7
550,52 16
707.36 23
884, 20 32
1046103 39
1277.87 42
1414.71 g9
1591.55 65
176B.39 79
1945. 23 Q1
2122.07 103
2293.91 1i7
2475, 7% 127
2652,59 147
2829.42 156
S006. 2 172
318%.10 1e0
I359.94 211
JETG.78 235
J712.62 2866

S872.77 FRAUTURE

DEFORM.
(IN)
*0.0001

0,0

0.5

3.5

8.0
11.5
15,0
19.5
24,0
29.9%
J4.5
9.9

5.5
1.9
[ =91
6.5
71.5
7¢.0
66,5
Ss. 0
105, %
117.5

13,0

STRAIN

0. 00000
QL. Q00O
. 00004
Q. 00010
0.00014
O, 00020
Q, 00024
Q, QOO0
Q, QOOTT
0, 00047
Q, 00049
Q00085

Q. 00668
Q, 00073
0. 0007Y
0, 0008
Q. N0y
0. 00108
0.Q0120
Q.O0132
0.00147
Q.00106

JK

o'

45

l

x

o

28 -

———~

Q.40

.0

"
(

{05

0 |I X4 A |'|

s

STEAIN

SOE

W




\3 TEST DATA 45
MIX 13 SFECIMEN 7
DATE TESTED: 1/26/87 A0
&
LOAD STRESS READING DEFORM. STRAIN y
(LES) (PSI1) (IND (IND )
*#1000 #0.0001 +0.0001 b

0.0 0.00 0 6.0 0.00090 3&

5.0 176.84 2 1.0 0.00001 Y
10.0 T53.68 =} 4.0 0,00005 -
1S.0 ¥30.52 16 €.0 O,00010 3
Z0.0  707.36 25 10,5 0,00016 i .
25.0 884.20 Rt 17.5  0.00022 N <
30,0 1061.03 a 3.5 0.00027 ¥
35,0 1237.87 =2 26.0  0.00033 . -

40.0 414,713 61 30,5 QL0003 fe X
45.0 1591.5% 7z 36,0 0.0004% bn e 1| _ L
5Q.0. 17¢6.39 81 40.5  0.0005] I S LY
S5.0  1945.23 91 45.5 0,000%7 i @ ¥
&0, 0 122,07 162 1.0 G.00083 ne -
5.0 2298.91 112 55,0  0.00070 s X
70.0 £475.7% 127 63,5 0.0007% ¥ :
75.0 2652.59 140 70.0  Q.000RE k{ e X
80.0 2B29:4% 153 76,5 0.00094 LR y
B8S.0  3006,.26 170 a5, 0 Q00108 o
0.0 I183.10 186 T.0 0 0.00514 %
95.0 I359.94 204 102,00 0.00128 1k -
100.0  3534.78 IAbaA 111.0  0,001T% b
15,0 71T.6Z o5 125.5  0.0057 o
110.G- 3890, 46 oD 186.0 0. 001E67 A
112.0 I961.19 FRACTURE "

18 ~

),
j X
S
A
ol 3

0.000) Q.00 QEie  00M)  OONE 0.0 0.0204

STRAIN




16

TEST DATA 45

MIX 13 SFECIMEN B
DATE TESTED: 1/26/87 43
)
LOAD STRESS READING DEFORM. STRAIN
(LES) (FS1) (IN) (IN) .
#1000 +0.0001 +0.0001 4
Sk b
Q.0 G, 00 (¢} Q.0 ©, 0OOO0 Vel
5.0 176.84 1 0.5 0.00001 X
10,0 SSI.6E g 2.5 0.00003
15.0  S30.S2 1% 6.5  Q.0000E )
20,0 F07.36 21 10.5  0.000313 1 "
25.0 884,00 29 14,5 0.00018 M w
JU.0 0 10s1,.07 I8 19.0  0O,000048 K
35.0 1237.87 49 24,5 0,000I1 — _
40.0 1414.71 55 2%.5  0.00937 lig by
45.0 1591.55 &9 35.5 0.00043 An ag
S0.0  1768.37 ez 41,0 €,00051 b fr
55.0 1945,2% g 46.5 O.0005E no Y
£0.0  1iDT.07 106 3.0 0.0006L mﬂ :
65.0 T.58.51 117 SE.S 0. 0007T W3 X
70.0 T47%.75 121 LS5 0. 00007 bKp 20+ -
75.0 Z652.59 146 72,0 0.00081 Fi
80,0 LE29.47 161 BO.S 0.00101 i y
85.0  Ta0&,. 26 176 85.0 00,0011 o
Q0,0 187310 195 $7.5 0.00322 W
95.0 TI59.94 216 108.0  0.0017S 15
100,0 I53&.78 241 120.5  0.0015) Y
105.0 713,62 274 137.0  0.00171 .
105.5 3B872.77 FRACTURE N
L)
16 “'
_I
X
(nh 4
S
KR &

QoI QUM GOE .02 QOME Qo o0id

STRAIN




\O
N

TEST DATA

MIX 1; SFECIMEN @

DATE TESTED:

LOAD
(LLEKS)
*1000

0.0

S.0
10.0
15.0
20.0
25.0
J0,.0
35.0
40.0
45.0
S0.0
S5.0
&0. 0
6&5.0
70.0
75.0
8OO
Q5. ¢
0.0
95.0
100.0
105,00
110.0
115.0
118.0

1/26/87
STRESS READING
(PSI) (IN)

«0.0001

0.00 ¢
176.84 o
I03. 68 8
530.52 15
707.36 235
834. 20 31
1061.03 40
1277.87 48
1414.71 59
1591.55 7o
1768.39 80
1945. 23 Q1
122,07 101
2029€E.91 115
2475.7% 127
2652.55 140
o829.42 153
I005. 26 167
183, 10 185
T359.94 200
3I534.78 220
I712.62 2473
3890, 46 J6b6
4067 .30 02
4173.480 FRACTURE

DEFORM.
(IN)
+0,. 0001

0.0

Q.0

4,0

7.5
11,5
15.5
20.0
24,0
29.5
8.0
40,0
45,5
50.5
57.35
&65. S
70.0
76.
8.9
@29
100.0
110.0
121.5
135.0

151.0

STRAIN

Q. 000L0
O 00005
0. Q00O
0.00014
0.00019
Q. 0002T
G. 000350
Q. QOOST
Q. 00054
QL. QOOSC
Q. Q0057
0. 00083
Q. 000720
O, 00079
0. 00088
0, 0008 G
Q. 00104
0. 00114
0. 00125
0, 00138
Q. 00152
0. 00146
¢, 00189

4

Crt
€

tr
Py
"

R 4

[

’

b=
e

X

N

Q0002

.00

QU008

0.00% QO E .00 (.04

STRAIN




€6

TEST DATA 45

MIX 13 SFECIMEN. 10
DATE TESTED: 1/26/87
)
LOAD STRESS READIMG DEFORM. STRAIN a8 %
(LES) (FSI) I CIN) ’
*1000 *0.0001 «0.0001 ¥
0.0 0. 00 o 0.0 Q.a0000 35 - A
S.0 176.84 2 1.0 Q,00001 W
10.0 383,48 9 4.5 0.00006 -
15.0 530,52 1& T.0 000011 )
2000 707.38 27 12.5 0.00017 s
25.0  884.20 36 18.0  0,0002T ol —¥
30,0 1061.03 44 23,0 0.0002
T5.0 1237.87 S5 DR.OO.0003S
40.0 1814,71 &5 TS 0.000481 ;y; 1
45.0 1%91.5% 76 8.0  0.00048 in ar -
0.0 176B.39 Be. A5,0  O,0008 r 4
s5.0 1945, 23 96 4%.0 O,000&%0 r‘ 1] "
60.0 122,07 107 S3.9  0.00067 0 -
65.0 22vg.91 2% &1.5  Q.O0077 N 3 N
70.0  2475.7% 136 66,0 0.00083 vy oo -
75.0  2&S52.59 149 74.5  0.0009Z k{ i 3
0.0 2829.47 162 81.0 0.00101 ¥l
B8%.0  IN06.24 173 83.0 ©,00111 A
0.0 TIRI. 1O 196 G&E. 0 0.0012T ¥
95,0 II59.94 214 107.0 O, 00174 L4 :
100, 0 236 119.0  0.00149
1050 3713.62 265 132.5  0.00166 .
110,0  ZBS0.46 302 1.0 0.0018% A
114.5 8049.61 FRACTURE , "
14 .
¥
0.5 4+
X
‘3‘."' r

0000 Q00M D058 .02 20N GO (s

STRAIN




w  TEST DATA 4% y
MIX 2: SFECIMEN 1 *
X
DATE TESTED: 1/23/B7
45 L
LOAD STRESS READING DEFORM. STRAIN o
(LBS) (FSI) CIND CIN) ’
*+1000 *#0,0001 +«0.0001 %
0.0 G.00 o 0.0 0,00000 3 A
5.0 176.84 1 0.5 0.00001 v
10,0 353, 68 < 2.5 0.00003 -
15.0  S320.52 12 6.0 G, 00008 X
20.0 707.36 20 10.0 0. 00013 .
25.0  B884.20 30 15.0  0.00019 S 4
J0.0  1061.03 36 18.0  ©. 00023 o
5.0 1237.87 44 22,0 0.00023 A
40,0 1414.71 €4 27.0  0.00034 i’,';, \
45,0 1591.85 &7 S1.5  0.00039 La or
0.0 1768.39 3 TE&.S 0 0.00046 r o, =l
$5.G  1945.23 82 41.% Q. 00052 ﬁn .
0.0 T122.07 3 46,5 0.00058 10 .
5.0 2298.91 102 S51.0 0.00064 u 2 \
70.0 2475.7%5 111 E5.5 0. 00069 v & an ’
75.0 2452.5% 125 62.5  0.00078 ,.E o W
gn.0 2IBTY.4T 137 6B.5 0, 00086 M. y
BS.O0  T006.26 143 71.5 0.0008% 2
93,0 S183.10 162 £§1.5 G.O0102 .
95.0 T359.98 178 89.0 0.00111 y 5 /
100.0 536,78 167 6.5  0.00121 = Y
105.0  3I713.62 210 105.0  0.00171 .
110,00 3IBRV.46 230 115, 0  2.00144 L}
115.0  8067.30 54 127.0  0.00159 .
120.0 A4244.14 281 140.5  0.00176 16 :
175.0 4420,98 329 162.5 0.00203 2
127.0 4491.71 FRACTURE
X
ob
k4
Gl 4

>

F

0OI0 G0 £.0008 002 QONE oy 000

STRAIN




G6

T1EST DATA 4%
MIX 2; SFECIMEN 2 )
DATE TESTED: 1/23/87 40 X
o
LOAD STRESS READING DEFORM. STRAIN '
(LES) (FSI) (1IN CIND y
1000 *0.0001 *0.0001 '
3L X
Q.0 G. 00 O 0.0 0.00000 i v
5.0 176£.84 1 0.5  0.060001 A
10.0  353.68 6 3.0 0.00004 y
15,0 S30.52 12 6.0  0.00008 %
0.0 707.36 o1 10.5  0,0001% i 3
5.0 883.20 8 18,0 0,00018 '
30.0  1061.03 35 i7.5%  0,00022 Y
35.0 1237.87 42 21,0 0.00026 — N
40.0 1414.71 s2 26.0  0.00033 e &
45.0 1591.55 62 1.0 0.00679 Lo g s
0.0 1766,39 70 I5.0 0.00044 .C -
SC.G 194523 80 40,0 Q.G0050 ne
0.0 T127.07 90 45.0  O.000548 il _
65.0 2£298.91 o8 49,0 0.00061 W , L
70.0 475,75 109 £4.5  0.000:8 Wp 24 ;
75.0  T&52.59 120 0.0 0,007 E :
BO.0  2829.42 ot C&.0 0, 000BT i A
B5.0 I006.26 142 71,0 ©0.00089 _
S0.0 T18T.10 156 78.0  0.000%8 ¢ A
95.0 3T59.94 170 BS.0  0.00106 15 -
100,0 I536.78 186 93,6 C.00116 >
105.0  3713.62 201 100.5 ©.00126 ¥
110.0  TR90.46 1| 109.0  0.001536
115.0  4067.30 241 120.5 ©0.001S1 4 3
120.0 4244, 14 272 136.0  0.00170 B -
122.5 4332.S6 FRACTURE 2
X
o8 4
®
1
D

QU0 . Q0 Uid QoY G0N ol 00

STRAIN




O
(o)}

TEET DATA

MIX 23 SPECIMEN 3

DATE TESTED:

LOAD
(LBS)
#1000

0.0

S.0
10.0
15.0
20,0
25.0
0.0
3S. 0
40,0
45.0
0,0
SS8.0
60,0
65,0
70.0
75.0
8a.0
8.0
Q0. ¢
95.0
100.Q
105.0
110.¢0
115.0
120, 0
121.5

1/23/87
STRESS  READING
(FSI1) CINY

+0.0001

Q.00 o
176.84 1
353. 6R S
53¢.52 12
707.36 21
884,20 29
1061.03 37
1237.87 44
1414.71 S
1591.SS &0
1768, 39 &9
31945, 23 79
2122.07 sa
22798.91 97
24875.75 110
2652.59 22
Q629,42 133
I006. 26 145
318,10 156
3359.94 170
June.78 185
T713.62 169
389G, 46 217
40867.30 250
4244, 14 275

4297.19 FRACTURE

DEFORM.
(IN)
+D. 0001

0.0
0.5
2.5

6.0
10.%
14,5
18.5
22.0
26.0
Ja.0
34.5
39.5
44,0
48.5
S5. 0
61.0
&b, 5
72.%
768.0
85.0
92,5
99.5
108.5
125.0
137.5

STRAIN

Q. QOOO0
0,0Q001%
0, 00003
Q. 00O0C
Q.00013
0.00018
0. 00023
0. 00028
0. Q003
0, 00038
Q. 00047
0. 00049
0. Q005
G, 00061
Q. 00069
0,00076
O, 00083
0. 00091
Q. 0009a
Q,0010¢
0.001136
O.0012

O, 00136
0.00156
Q. 00172

4%

35

P

(7]
3

18

e

[
n
e’

P

Qo ¥
QU000

Q.00M

Gl

qUN (]

CAVe

Qa2

STRAIN

QUME

0010

Q.04




L6

TEST DATA

MIX 2Z2: SFECIMEN 4

DATE TESTED:

LOAD
(LES)
*«1000

Q.0
S.0
10.0
15.0
=0.Q
25.0
J0.0
35.0
40,0
45,0
S0.0
S5.0
&0.0
&S0
70.0
75.0
80.0
85.0
9GO
95.0
100.0
105.0
110.0-
115.0
120.0
125.0
127.5

1/23/87
STRESS READING
(PSI) (IN)

#0.0001
Q, 00 O
176.84 4
3S53. 6B 12
S530.52 21
707.36 30
884,20 37
1061.03 46
1237.87 o6
1414.71 b6
1591.8% 75
1768.39 <73
1945.23 S
2122.07 105
2293.91 116
2475.75 129
2652.59 141
2829.42 153
J006. 26 166
318310 183
T359.94 195
3536.78 210
I713.62 22
I890. 46 2487
4067.3I0 269
4244, 14 296
4420.98 336

4509.40 FRACTURE

DEFORM.
(IN)
+0.0001

Q.0
2.0
6.0
10.5
15,0
18.5
25.0
8.0
33,0
7.5
43. Q0
47.5

[ AR
e ot

S2.0
¢4, S
70.5
76.5

3.0
PO.E
7.5
105.0
112.0
1253.5
134.5
148.0
168.0

STRAIN

Q. Q0000
G, QOO0
0. 0000
0, 00017%
Q00019
0,0002%
Q, 00029
0. 00075
0. 00043
Q. 00047
Q. 00054
O, Q005

Q. 00086&
Q.00072
. 0008]
Q. 00088
Q. Q009¢.
Q00104
Q,001173
0,.Q0122
G, 003131
0.00141
0. 00154
Q. Q0168
0, 00185
0,00210

- = P
SThCoumaong e

STRE®RS,

4 45'

X

24

[
tr

Crl
t>

e
"

G0 *

.000%

0.05M

Q00

042

STRAIN

¢

G E

Q.10

004
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© TEST DATA 4.0
*
MIX 2: SPECIMEN 5 X
g
DATE TESTED: 1/23/B7 49 " -
LOAD STRESS  READING DEFORM. STRAIN )
(LBS) (FSI) (IN) CIN) pA
#1000 *0.0001 +0.0001 y
A
0.0 0.00 (4] C.0  Q.00000 X
5.0  176.84 o 0.0  0,00000
10,0 I53.68 4 2,0 0.0000% ot
15.0  ST0,52 11 5.5 0.00007 . o
20,0 707.36 71 10.5  G.0001Z 30 DA
25.0 B8B4.20 29 14.5 0©.00018 R
0.0 1061.03 26 18.¢  0.00023 )
T5.0 1237.87 4% 1.5 000077 o X
40,0 1414.71 5o 26.0  0.0003 Eg . K —_
45,0 1591.S5 61 J0.5  0.00036 [ <~ )
0.0 1768.39 70 38,0 0.00044 N ”
S5.0 194523 79 39.5  0.00049 by i
60.0 122,07 91 45,5 0, 00057 h: ¥
65.0 2098.91 101 S0.5  0.00063 T
70.0 247%.7% 112 S6.0 O 00070 A 1
75,0  2652.%9 125 2.5 0.00076 mﬁ. y
8O.0  DEDG, 4l 137 6B.5  0.00086
EL.O T006.286 150 7S.0 0,.000Ga D
90,0  TIER.10 164 BZ.0  0.00107 i !
§5. T359.94 179 85.5 (.00112 i %
100,00 T506.78 194 97.5 0,00127 .
105, 0 T713.62 212 106,06 0,001 X
110.0 3870, 46 a3 116.5  0.0014¢ .
115.0  4067.30 add] 129.0 0.00161 10 -
120.0 474314 294 147.0  0.00184 5
123.5 4367.52 FRACTURE
¥
AR
ot
i
0

000 QOuM Gudoe QA QOME ool G0N
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TEST DATA 4%
MIX 2: SFECIMEN &
DATE TESTED: 1/23/87 40 X
4
LOAD STRESS READING DEFORM. STRAIN ~
(LES) (FSI) (IN) (IND 5
*1000 #0.0001 *0.0001
15
0.0 0. 00 o 0.0 0.00200 '
5.0  176.84 2 1.6 0. 00001
10,0 35T.68 9 4.5 000006 ¥
15.0 530.52 1< 7.5 0.0000%
20,0 707.36 a2z 11.0  0.00014 T :
25.0 884,20 ) 16.0  0,00020 .
30,0 1061, 0% 33 21,5 0.Q0027 X
5.0 1237.87 s2 26,0 0.0003T e v
40.0 1414.71 &r 1.0 0.000T¢ dg - o ]
45,0 1591.5%5 A 3.0 0000085 £ Ao - S -
50,0 1768.39 8z 45.0 0,0005] N .
£S5.0  1545.0% 90 45,0 0. 00056 h" )
&0.0  2102.07 102 1.0 0,00064 b3 o
65.0 20798.91 117 6.0 (L0070 v oan -
70,0 2475.75 Jask £1.0 0, 00G7¢ o )
75.0  2652.85 127 6B.5  0.00086 b‘.'-t.- ,
80.0 2829, 42 150 75,0 0.000%4 b4
BS.0  3006.26 164 £2.0  0.0010T g
0.0 187,10 179 ES. T 0,00117 1L i
95.0 33IS9.94 193 6.5 0.00121 - y
100.0  IS536.78 211 105.5  0.00130 )
105.0 3I713.62 oz 115,55 0,061484 kY
110.0 3890, 46 262 131.0  0.00164 .
115.0  40b7.30 300 150.0 0.00188 1 2.
117.0  4138.03 FRACTURE %
x
L5
\ ¥
0

QU GONM 008 QOMD  QUNE Qo0 G0MM
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— TEST DATA
o

o

MIX 23 SPECIMEN 7

DATE TESTED:

LOAD
(LES)
#1000

0.0

5.0
10.0
15.0
20.0
25.0
30,0
35.0
40,0
45.0
0.0
5.0
60.0
65,0
70.0
75.Q
80. O
85.0
0.0
95.0
100.0
105.0
1$0.0
115.0
120.0
125.0
129.0

1/23/87
STRESS  READING
(PSI1) CIND

+0. 0001

.00 o
176.84 1
353,68 5
530.52 10
707.36 19
884.20 27
1061. 03 IS8
1237.87 42
1414.71 52
1591.55 60
1768.39 &8
1945.23 78
2122.07 88
2298.91 97
2475.75 107
2652.59 117
2829.42 128
I006. 26 140
3183.10 154
3359.94 166
3556.78 179
I713.62 194
3B90. 456 208
4067.30 228
4244, 14 251
4420.,98 279

4562.45 FRACTURE

DEFORM.
(IN)
+0. 0001

G.0
0.9

- =
Lo o

S.0

9.5
3.5
17.5
21.0
26.0
30.0
34.0
37.0
44.0
48.5
S3.5
8.5
64.0
70.0
77.0
3.0
89.5
g7.0
104.0
114.0
125.5
139.5

STRAIN

Q. 00000
0, 00001
Q. Q003
Q, Q0006
Q. 00012
Q.00017
0.00022
0. 00026
O, QO3
0.00038
0. 00047
0.00049
Q. 00055
0., Q0061
Q. 00067
Q. 0007
Q. O00RG
0, 00088
Q, QOOR&
. 00104
0. 00112
Q.00121
O, 00130
0,00143
Q. 00157
0.00174

45
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49

ot
in
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34

ot
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TEST DATA AL .
MIX 2: SFECIMEN 8 N
DATE TESTED: 1/26/87 4o ¥ |
_A:, - |
LOAD STRESS READING DEFORM. STRAIN X
(LES) (PSI) (IN) CIND h
#1000 *0.0001 «0.0001 ‘
- b
0.0 0. 00 o 0.0 O.00000 Ik
5.0  176.84 0 0.0  0.000G0 4
10,0 353,68 5 2.5 0.00003 y
15.0  STo.s2 11 5.9 0.00007 L
20,0 707.36 19 .5 0.00012 - |
5.0 B8R4, 20 26 13.0  ©.00016 o
RO.0 0 1061.03 4 17.0  0.00021 4
35.0 1237.87 41 20.5  0.00026 L
40,0 1414.71) 49 4.5 0.00031 Ve
45.0 1591,SS Se 2B.0  0.0003S bn ard SN UUN DU R SO S '
50,0 1768.39 &4 I2.0  0.00040 R S “
£5.0  1945,23 = 37.5  0.00047 po 5
60,0 232207 &4 42.0 0.00053 ne
65.0 798,91 92 46.0 0.0005€ bi o X
70,0 0475.7% 102 §1.0  0.00064 Bl ug -+
75.0 2652.59 113 56.5  0.00071 k{
BO.O0  2B2G,42 122 6.0  0.0007& ..
5.0 ITO06.26 137 68.5 0.00086
9¢.0 183,10 149 78.5 0. 00093 o
95.0 3JII05.94 160 8CG.C¢ 0,00100 1k T TTTTTTYT T
100.0  T536.78 178 89.0 0.00111 R
105.0  I713.62 195 97.5 0.00122 e
110.0  3I890.46 209 i04.5 0,00131 -
115.0  4067.3%0 230 115.0 0.00144 :
120.0 4234.14 255 127.5  0.00159 1o At —
125.0 4420.98 290 145.0 ©.00181 ¥
129.0 4562.85 FRACTURE N,
VIS B
G & -1
Q0 RO o0ty 242 SO E SONG Q.
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TEST DATA

MIX 2: SFECIMEN ¢

DATE TESTEL:

LOAD
(LRS)
*3000

0.0

5.0
10,0
15,0
20,0
LS. Q0
ROV
29,0
L0, Q0
45.0
Q0.0
SS.0
60,0
65,0
70.0
75,0
gn.0

5.0
O, 0
95. G
100, 0
105.0
1iG. 0
115.0Q
120,00
126.Q

1/2e/867
STRESS READING
(FS1) (IN)

+0, 0001
G, 00 Q
176.84 1
ST, 68 6
ST0, o0 16
707 .56 25
834.Z0 34
6y, 00 L7
277.87 a1
1414.7: 57
1591, 85 &7
1768.29 76
194%, 27 as
2I122.07 G&
2298.41 105
2470, 7% 117
2652.55 126
282%.47 140
005, 206 15,0
TIRSL IO 16l
I355.94 173
J3536.78 107
I713. 62 200
Sa%0,. 8% QG
40467, 30 23T7
4244 14 25

4456.34 FRACTURE

DEFORM,
(IN)
*0. 0001

0.0
0.5
S0
e.o
12.%
17.0
li.0
5.5
2.8
3 .9
L. O
A5,0
40,0

=N =
e

S8
[ Y]
70,0
TS0
g, 5
85,5

- r
et

100.0
103,0
118.5
120,00

STRAIN

Q. 00000
0., 0000
Q. Q0004
G, Q001G
0.0001 6
0.00021
Q.02
Q. 00070
L, QOOTT
0. Q0OaT
O,00048
G, OO 4
C. O0O0H&Y
QL0006
QL0007
0, 00079
O, 0ONEH
O, 000G S
[CPRTe R n B
GLA0106
Q.00317
Q.02
0. 00129
0.Q0142
Q. QOL1&0

-
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TEST DATA

MIX 23 SFECIMEN 1O

DATE TESTED:

LOAD
(LES)
* 1000

Q.0

5.0
10,0
15.0
2000
25.0
J0, 0
RSN
AG. 0
4%, 0
0.0
3.0
&0, 0
&,
70.0
75.0
Q.G
(3%, Q)
S, 0
5.0
100,0
105.0
110.0
112.0

STRESS
(FEI)

0,00
176.84
CST. 68
70,52
707.56
£884. 20
1061, 03
1237.87
1314, 71
1551. 55
1 TEEL 3G
1545, 2%

127,07
22638.71
875, 5
2552, 5%
a0y, 40
Toua. D6
167,10
I756.94
3E36.TE
3717, 60
3890, 46

1/26/87

READING
(IN)
*0. 0001

Q
Q
4
12
19
26
43

Al
wlan

61
71
80
G}
104
116
130
144
157
188
190
219
24%

<95

T961.19 FRACTURE

DEFORM.
(IN)
+0. 0001

0.0

0.0

2.0

6.0

.5
13.0
16,2
21.5
260
J0.S
RE
40,0
45,5
32.0
Se. 0
65.0Q
72,0
78.5%
S, 0
7.5
1069, 5

~eoe
Ay A

147.35

STRAIN

0. 00000

0, 00007
O, OO0
0, 00012
O, 00016
0, 00021
QL Q002"
O, QOO33
0.00038
0. 00044
O, OO0SD
Q. POO%T7
O, ON06SE
O.Q0073
0.0008]
O, QDORO
0, ONOSE
G.001318
Q.QO127
0. Q0137
0,00157
G, 001343
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L)

1{5'

a.

A0 .
HIHE )
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Fig. B-1. Compression test set-up.
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Fig. B-2. Failed compression test specimen.
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Fig. B-3. Failure mode of compression test specimen.
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Fig. B-4. Indirect tension test set-up.
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APPENDIX C

ULTRASONIC INSPECTION OF TRG-4
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ALUKE \W I
AR SNELL, PEV

218 Fourth Avenue Office: (618) 692-25
Edwardsvilie IL 62025 CONSTRUCTION & MATERIALS CONSULTANT Home: (618) 692-06

January 21, 1987

Joel Bennett

Los Alamos National Laboratory
MS J576

Los Alamos, NM 87545

Subject: Inspection of TRG-4 Model
Los Alamos National Laboratory
Los Alamos, New Mexico
Our Job No. LS88-341

Gentlemen

The writer has completed the inspection of the above
referenced model. The purpose of this inspection was to
determine the uniformity of the concrete and to determine if the
concrete contained flaws. This report documents our findings.

On January 15, 1987, the writer examined the TRG-4 model.
The examination consisted of two separate inspections. The first
was a visual inspection using hand-held magnifying glasses. The
second inspection was to determine the velocities of ultrasonic
waves through the concrete.

The wvisual inspection indicated that the model did not
appear to have external flaws.

The velocity of the ultrasonic wave was determined by
measuring the wall thickness and measuring the time for the
ultrasonic wave or a pulse to travel from a sending transducer,
through the concrete to a receiving transducer; the velocity of
the ultrasonic wave or the pulse velocity was then calculated by:
pulse velocity = distance divided by time.

Past experience and research has shown that the pulse
velocity value can be related to concrete strength and the static
modulus of elasticity. Also if the pulse velocities are
relatively uniform, then the concrete is of uniform quality and
without flaws.

The equipment is generically called pulse velocity

equipment. Our equipment is manufactured by James Electronic
Company and is called the V-meter.
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During our testing the rollowing was determined:

1. Test Cylinders: Four ¢ X 12 inch c¢ylinders were
examined to determine pulse velocities (2 from each
load of concrete). These pulse velocities range from

13,160 to 13,510 feet per second with an average
velocity of 13,290 feet per second.

2. Shearwall: 63 pulse velocities were determined for the
shear wall. These pulse velocities ranged from 11,900
to 14,710 feet per second with an average of 13,260
feet per second. The wall was assumed to be
uniformly 6 inches. The areas of the lowest pulse
velocities appeared to be where the forms have moved
during construction and where the walls may be greater
than 6 inches thick. {NOTE: The variation in wall
thickness appears to be less than 1/4 inch).

3. Base: 24 pulse velocities were determined on the base.
The pulse velocities ranged from 14,150 to 15,300 feet
per second with an average velocity of 14,770 feet per
second.

4. Roof: 50 pulse velocities were determined on the roof.
The pulse velocities ranged from 13,640 to 15,000 feet
per second with an average velocity of 14,190 feet per

second.
5. Northwest Wing Wall: 12 pulse velocities were
determined on this wing wall. These pulse velocities

ranged from 12,500 to 14,290 feet per second with an
average velocity of 13,250 feet per second.

6. Northeast Wing Wall: 12 pulse velocities were
determined on this wing wall. These pulse velocities
ranged from 12,500 to 13,900 feet per second with an
average velocily of 13,270 feet per second.

7. Southwest Wing Wall: 12 pulse velocities were
determined on this wing wall. These pulse velocities
ranged from 12,820 to 14,290 feet per second with an
average velocity of 13,220 feet per second.

8. Southeast Wing Wall: 12 pulse velocities were
determined on this wing wall. These pulse velocities
ranged from 12,500 to 13,900 feet per second with an
average velocity of 13,270 feet per second.

The pulse velocities of the four concrete cylinders were
nearly identical. This indicates that the concrete strength and
static modulus of elasticity for each load of concrete would be
similar.

The pulse velocities in the model were fairly uniform and
similar to the pulse velocities of the tested cylinders. This
indicates that the concrete in the structure is of uniform
quality and that the concrete strength and static modulus of

elasticity of the model can be accurately determined from the
concrete cylinders.
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Since the pulse velocities were fairly uniform and the
visual inspection did not indicate any external flaws, it is our
opinion that the concrete model does not contain internal flaws.

The use of pulse velocities to estimate compressive strength
and static modulus of elasticity is inexact and should be used
only to indicate approximate values. Using the generalized data
developed from past research, the compressive strength would be

in excess of 3,000 psi and static modulus of elasticity would be
in excess of 3,000,000 psi.

It has been a priviledge working with you on this project.
If you have any questions or if we can be of further service,
please do not hesitate to call.

Very truly yours,
S S

Luke M. Snell, P.E.
Consultant
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FIELD MEASUREMENTS

Cylinders - 6 X 12 inches

Pirst Truck Time x 10-6geconds

Cylinder 1 26
Cylinder 2 26
Second Truck

Cylinder 1 75
Cylinder 2 74

SHEAR WALL - THICKNESS = & INCHES

Readings on approximately one foot intervals;
wall.

Distance from base

measured

Time x 10~-Sseconds

(inches)

s 36, 35, 8¢, 37, 85,
17 35, 38, 85, 35, 37,
25 38, 36, 34, 395, 36,
37 40, 40, 38, 41, 39,
49 38, 39, 37, 38, 39,
61 39, 37, 37, 37, 39,
23 38, 39, 40, 36, 37,
82 39, 40, 38, 38, 38,
88 38, 42:k§8. 39, 38,

from east

37,
38,
39,
39,
37,
39,
37,
38,

37
37
38
40
37
36
87
38
38
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BASE - THICKNESS =

8 INCHES

Readings on approximately one foot intervals.

North Base,

20 inches from
East Wing Wall

20 inches from
West Wing Wall
South Base,

20 inches from
East Wing Wall

20 inches from
West Wing Wall

ROOF - THICKNESS

Time in 10 ®seconds

50

51

50

49

’

4

’

’

8

51, 51,
50, 52,
49, 51,
50, 51,
INCHES

Readings on approximately one foot intervals.

North Roof

3 inches from
East Wing Wall

Centerline

3 inches from
West Wing Wall

At Shear Wall

South Roof

3 inches from
East Wing Wall

Centerline

3 inches from
West Wall

At Shear Wall

Time in

54, 54, 54,
51, 53, 52,
54, 54, 55,
53, 53, 53,
51, 53, b2,
53, 53, 51,
51, 51, 861,
53, 52, 52,

52,

52,

50,

52,

54,

53,

58,

54,

63,

50,

52,

53,

51,

53,

49,

52,

10~ %seconds

54,

53,

54,

54,

53,

53,

52,

53,

49

53

51

55

54

55

52,

52

51

52

53,

53
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WING WALLS - THICKNESS = 6 INCHES

Reading on approximately 15 inch intervals.

Measured from Base Time x lo'sseconds

(inches)
North-West

3 35, 37, 317

39 37, 39, 37

64 36, 39, 40

88 39, 38, 39
North-East

3 35, 37, 39

39 39, 37, 37

64 36, 38, 36

88 38, 40, 40
South-West

3 39, 37, 39

39 36, 35, 38

64 37, 39, 39

89 38, 39, 38
South-East

3 36, 36, 38

39 40, 38, 38

64 38, 36, 37

88 39, 37, 39
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APPENDIX D
METHODS FOR SEPARATING SHEAR AND BENDING DEFORMATION
This appendix provides the analysis and procedures

used for data reduction and for designing the

instrumentation for separating bending and shear
stiffnesses.
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The displacement field over the entire shear wall is non uniform; hence,
the discussion of data reduction must begin by defining the deformation
quantities to be measured.

DEFINITIONS

TJotal Deformation. Total deformation is defined as the sum of the

bending deformation and shear deformation:

>

= AB + AS , (D-1)

where

[~
1l

total deformation,

&

bending deformation,

shear deformation.

(7

The underline indicates that the deformations are vector quantities. The
total deformation, as defined, is related to certain appropriate measured dis-
placements on the model during a test, and, in terms of measurements, it has
the form

4 = 40X + AY (D-2)

where AX + AY are defined in Fig. D-1. AX and AY could be determined for
either the upper left or right corner of the model. Any difference would be
dependent upon the rigidity of the top plate in the model. The coordinate
system defined in Fig. D-1 is the one used throughout this appendix.

Shear Deformation. Shear deformation is defined as the displacement in the
X direction of the top of a model when deformed in simple shear, or

(D-3)

AS = H taq Y g, = HY e,
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Fig. D-1. Component of total deformation.

where

AS is the shear deformation,
H is the height of the model,
Y is the homogeneous shear strain,

ex is the unit vector in the x direction.

Figure D-2 illustrates this quantity. In Eq. (D-3), it is assumed that
the shear deformation is small, or Y = tan Y. The value of Y used in
calculating AS from measurements will be the average shear strain over the
height of the model. The shear strain at the center could also be used, but,
because there is some gradient in shear strain, the average over the model is
more useful in describing the overall shear deformation.
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AS] /_1 7

X'
T — —_— 9
/ / //-\<
— \ml{- / l
L i SIS, L ",\\;xx_
AMS Z&PEi

NOTES: 1. SKETCH DRAWN WITH A LOW-ASPECT
RATIO TO EMPHASIZE
THE SHEAR DEFORMATION

2. AMS AND APS ARE THE CHANGES
IN THE LENGTH SHOWN

Fig. D-2. Displacement measurements for
determining shear deformation.

The average shearing strain may be found by using the indicator reading
on the two diagonals shown in Fig. D-2 to find the normal strain along each
diagonal and then by using the strain transformation equation to find shearing
strain in the x-y coordinate system. Specifically,

e = APS (D-4)
X - Li
" AM§
8x = Li N (D'-S)
where
s; is the normal strain along the diagonal having the
positive slope,
e; is the normal strain along the diagonal having the
negative slope,
Lj is the initial length of the diagonal.
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For the case of pure shear, the normal strains, €y and Sy in the
x-y coordinate system are zero, and, for this case, the strain transformation
equations become

]
Y .
e, = 5 sin 26 . (D-6)

" I
€y = 3 sin (-20) , (D-7)
N
3
where

© is the angle between the unprimed and primed axis.

]
and

For pure shear, €y X

would be equal in magnitude. To

determinean average value for the shear strain, the equation

(|aPS| + [aMS])

Li sin 26 ? (D-8)

Yavg

js obtained. The shear deformation is defined in terms of this average shear
strain value.

Bending Deformation. Bending deformation is defined as the displacement
of an end corner of the cantilevered model as determined from simple beam
theory. Figure D-3 shows this quantity and defines the terms to be used in
the following derivations. From Fig. D-3,

OB = ABX + ABY . . (D-9)

Hence, the bending deformation is defined in terms of the displacement of
either of the top corners of the model, as evaluated using beam theory. From
beam theory,

3
PH

and

118




where

] >4

T T, NOTES: 1. SKETCH DRAWN WITH AN ASPECT
R s i RATIO TO EMPHASIZE THE
— W — BENDING DEFORMATIONS

2. ALB ANDARB ARE THE CHANGES
IN THE LENGTHS SHOWN

Fig. D-3. Displacement measurement for

determining bending deformation.

dy

2
W(PH
x|, = 2(251) ; (D-11)

H

P is the load applied to the end of the beam,

H is the height of the beam,

E is the modulus of elasticity,

I 1is the cross-sectional moment of inertia,

dy
dx H

W

is the slope at the end of the beam,

is the depth of the beam.
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The relative displacement measurements made during a test that will be
used to calculate ABX and ABY are defined in Fig. D-3 as ALB and ARB.
These quantities are the changes in the defined dimensions. The derivation of
the equations is based upon linear beam theory as follows:

H
ALB = /eydy . (D-12)
0

where

ey js the strain in the outer beam fiber, and

because oy = E gy

H
8 - /
-0

For a cantilever beam, ¢ varies linearly with y, hence,

m‘<Q

dy . (D-13)

y
H

2

aLB = ECHL2) /yd_y - B (D-14)
0
and, similarly,
- pﬂﬂz

ARB = . (D-15)

4EI

Using the deflection of the end of a cantilever beam ,

3.
PH
ABX = 3ET (D-16)
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and, assuming that the average of the measured quantities is proportional to
ABX,

3
K(ALB - ARB) _ PH
ABX = 5 = 3F] (D-17)

Here, K is the proportionality constant. By eliminating K, P, E, and I from
the previous equation, the deflection may be expressed as

ABX = %ﬁ (ALB - ARB) . (D-18)

Using the slope equation, ABY may be found from

2

dy( _ PHZ _

dx|, = 21 ° (D-19)

aBy = 4 PHC W 34BX (D-20)
= 2 26I= 2 o0 ¢ -
3

aBY = 3 aBx . (D-21)

The bending deflection magnitude AB, is given by

2

+ ABY

AB = (ABX (D-22)

2)1/2
The total deformation has now been defined two ways. One way is based
upon measurements of the x and y deflection of the upper right or left corner
of a structure, as shown in Fig. D-1. The second method is to use the relative
displacement measurements as defined in Figs. D-2 and D-3. MWhen the relative

displacement measurements are used, the equation for total deformation magni-
tude is

A = [(As + 0BX)2 & (aB)2]12 | (D-23)
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As a result of the assumptions made in deriving the above equation, one
would not expect exact agreement between the total deformation values as
determined by these two methods.

COMPARISON OF RESULTS FROM ANALYSIS

The deformation definitions previously discussed will now be applied to
the displacement fields of the TRG-4 test structure as determined by a two-
dimensional, plane stress, elastic, finite element model. A point load was
applied to the lower steel plate on an finite element model to simulate the
actual loading condition. Eight node plane stress elements were used in the
two-dimensional model of TRG-4 as shown in Fig. D-4. The bottom concrete siab
was not modeled in the two-dimensional analysis, and nodes that would
correspond to the shear wall/bottom slab interface were fully constrained.
Measured average material properties were used in the analyses. This work was
done to study the applicability of the definitions, the resolution of the
transducers needed, and other characteristics of the measurement method. The
applied load subjected the model to an average base shear stress of 100 psi.
The deformed mesh for the structure shown in Fig. D-5. The results from the
numerical model included displacements and strains (ex, ey’ ny)
extrapolated to the node points. These results were used to determine the
following quantities:

1. Gage readings of the deformation measurements described in Section 1.
2. Shear strain based upon the diagonal gage readings.

3. Shear deformation based upon diagonal gage readings and the shear
strain at a location near the center of the shear wall.

4. Bending deformation based upon the vertical gage readings.
5. Total deformation from the displacements at the top of the model
(4X and AY) and from the vertical and diagonal gage readings.

Table D-1 summarizes the pertinent data obtained from the finite element
model analysis, and the calculations using the TRG-4 data are described in
detail below.
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Fig. D-4. Two-dimensional finite Fig. D-5. Deformed shape of
element model of TRG-4. TRG-4 when subjected
to 54,000-1b load.
TABLE D-1

DATA FROM 2-D FINITE ELEMENT ANALYSIS OF TRG-43

Horizontal Vertical
b Displacement Displacement
Node Ax_(in.) AY (in.)

] 0 0

2 6.9514 x 10-3 -7.1860 x 10-4
3 6.9398 x 10-3 1.0137 x 10-3
4 0 0

5 3.6339 x 10-4 1.7480 x 10-5
6 6.3004 x 10-3 -5.6096 x 10-4
7 6.2672 x 10-3 8.8734 x 104
8 3.3742 x 10-4 1.0625 x 10-4
9 0 0

10 3.3690 x 10-4 -2.2061 x 10-4
1 6.3315 x 10-3 -1.0032 x 10-3
12 6.9316 x 10-3 -1.0018 x 10-3

a8 Total horizontal force = 54,000 1b.

b Node locations are shown in Fig. D-6. Nodes 5-8
correspond to the terminal points of the relative
displacement gages.

C Shear strain at the center of the shear wall
= 73.04 x 10-4 radians.
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Calculation Qutline

Figure D-6 shows the location of the nodes whose displacements have been
reported for TRG-4 in Table D-1. Nodes 1 and 4 have no displacement components
because they were constrained by the fixed boundary condition assumed to be

provided by the bolted, rigid base. The diagonal gages shown in Fig. D-2

were assumed to run from Node 1 to Node 3 and from Node 4 to Node 2. The
vertical gages shown in Fig. D-3 were assumed to run from Node 1 to Node 2 and
from Node 3 to Node 4. Based on the displacements computed for the four
nodes, the readings on the four gages would be as follows:

In Fig. D-2,
APS = 5.311 x 10~3 in. (D-24)

and
AMS = -5.096 x 1073 in.

2%%%%2%%%%%%%%27&

1 9in.

11944 *6 7% 1

3% 54

ot
ey, " 2
e .

78 in.

9in.

Fig. D-6. Sample problem node locations.
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In Fig. D-3,

ALB 1.0140 x 1073 in. (D-25)

and

ARB = -7.1833 x 1074 in.

Even if these values are divided in half so that they correspond to the
peak readings during a 50-psi cycle, the displacements will be detected by
gages that can read accurately to 4 x 10'5 in.

It is assumed that the diagonal gages are measuring deformations caused
by pure shear and that the average shear strain is given by Eq. (D-8).

In Eq. (D-8), Li is the initial distance between Nodes 1 and 3 (or Nodes
2 and 4), and © is defined in Fig. D-2. Substituting the appropriate values
from Eq. (D-8) yields

|Yavg| = 66.07 x 10-6 radians. (D-26)

It is again emphasized that this is an average strain value over the
entire wall and that an actual wall and the computer model will have a
nonuniform strain field. The average strain in the center element of the
computer model was used for comparison. This strain value is

Y. =73.04 x 10°°

avg, radians . (D-27)

The lateral deformation of the top of the structure, assuming pure shear,
is given by Eq. (D-3).

Using the values for the average shear strain calculated from the diagonal
gage readings, the lateral deformation caused by shear is

AS = 5.9461 x 1073 ine, . (D-28)

If the average shear strain for the center element in the finite element model
is used, the lateral deformation becomes
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AS = 6.5736 x 10~ in.e (D-29)

X

Now, if we assume that the vertical gages measure displacement caused purely
by cantilever bending, then the displacement components are given by Eqs. D-18
and D-21. Substituting the appropriate values in those equations yields the
following components of cantilever bending displacement:

ABX = 1.4983 x 10> in., (D-30)
and

ABY = 9.7390 x 10™%in. (D-31)
The magnitude of the total bending deformation is given by Eq. (D-22).

Substituting the components of the bending deformation in Eq. (D-22)
yields

AB = 1.7870 x 1073 in. (D-32)

The total deformation was defined as the vector sum of the deformation
caused by bending and deformation caused by shear. Remembering that the
deformation caused by shear has a component in the horizontal direction only,
the magnitude of the total deformation is given by Eq. (D-23),

A= 7.5078 x 10~3 in. (D-33)

This value can be compared with the magnitude of the total deformation
computed at either Node 2 or Node 3. For Node 2,

A, = 7.0134 x 1073 in., (D-34)

2
and, for Node 3,

Ay = 6.9884 x 1073 1n. (D-35)
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The total deformation as determined from the sum of the average shear and
pure cantilever bending displacement components is about 7.2% larger than
either of the computed displacements (Node 2 or Node 3). This increase comes
as no surprise because the diagonal gages, from which the shear deformations
were determined, give an average value of shear strain in the wall, and they
may be influenced by the cantilever bending (or bending moment gradient) in
the wall. Similarly, the vertical gages from which the bending deformation is
determined may be influenced by the shear deformations. Hence, perfect
agreement cannot be expected.

This data reduction method has been suggested because it permits
independent determination of bending deformation and shear deformation which
prevents errors or the effects of departure of actual behavior from idealized
behavior in one of the deformation quantities from introducing errors or
uncertainties in the other.

A third method for determining the total deformation can be developed by
examining Fig. D-7. From Fig. D-7,

2 gf=—ax—

I

Ay

AX = (D, + APS) cos¢ -~ W
AY = (D, + APS) sing - L

¢

2 2 _ 2
- cos=1[W2+ (D, +aPSI? - (L + ARB) ]
2 WID, +APS)
APS = DIAGONAL DISPLACEMENT GAGE READING
ARB = VERTICAL DISPLACEMENT GAGE READING

Fig. D-7. A third method for calcu-
lating total deformations.
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AX = (Di + APS) cos ¢ - w , (D-36)
AY = (D1 + APS) sin ¢ - L , (D-37)

: W 4 D; + S 2 _ (L + aRB)Z

- (D-38)
$ = cos 2 WD, + APS

This method eliminates the assumption that the angle ¢ in Fig. D-2

remains unchanged during the deformation process. It was used to determine
the total stiffness values reported in the main report.

It is of interest to use values in Egs. (D-24)-(D-26) for the analytical

deformation field on the shear wall presented in Table D-1, i.e., for

and

and

-3

APS = 5.3111 x 10 ~ in.,

4

ARB = -7.1833 x 10" in.,

w = 78 1n¢,

L =90 in.,

D1 = 119.0966 in.

Rearranging Eq. (D-23) yields

AS = -ABX = VA% - aBY? | (D-39)

AS = 5.4224 x 1073 in.

This compares with 5.9461 x ]0’3 in. using the average strain method, an 8.8%
difference. The deformations used to calculate the bending stiffnesses
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reported in the main report were calculated as shown in Eq. (D-18). Shear
deformations reported were calculated as shown in Eq. (D-39). For the ideal
case, geometrically consistent results are obtained, i.e., the total deforma-
tion may be calculated from gage measurements, or the gage measurements may be
calculated from the displacements.

Use of the diagonal displacement to calculate a total displacement does
require that the diagonal gages and the vertical gages have the same terminal
points. Also, the resulting total and shear deformation will not be for the
complete shear wall but for the segment inside the gage points. A small amount
of extrapolation to encompass the entire shear wall should be satisfactory for
the precracked data. This extrapolation with the finite element analysis data
produced negligible changes in the horizontal displacements when the data were
extended along a horizontal plane to the exterior of the structure. Data for
such a comparison are provided in Table D-1.

There is one potential advantage of using both the shear and bending
deformations of the shear wall segment and the shear and bending deformations
of the complete shear wall (based upon overall displacement measurements).
Insight may be gained for understanding the contribution of the cracking at
the wing wall joints by changing the proportion of the shear and bending
deformation in the total deformation.

From the analysis of the numerical model, the following conclusions can
be made. It must be remembered that these observations are based upon an
analytical model loaded to a fairly low nominal shear stress level (100 psi).

1. The total deformation determined by the methods discussed in this
appendix agree within 7.2%.

2. Measurement errors caused by the resolution of the digital displace-
ment gages will not significantly affect the results.

3. The total deformation determined from displacements of the two top
corners of the model agree within 1%.

4. The nonuniform distribution of shear strain causes the value of shear
strain calculated from gage readings to be smaller than the value at
the center of the shear wall as determined from the finite element
analysis.

129




DISTRIBUTION

Copies
Nuclear Regulatory Commission, RW, Laurel, Maryland
Technical Information Center, Oak Ridge, Tennessee 2
Los Alamos National Laboratory, Los Alamos, New Mexico 3%8

130




NRC FORM 338 US. NUCLEAR REGULATORY COMMISSION | | REPORT NUMBER 1Asspned by T¢0C aos Vor No , if any)
12 841
NACH 1102,

2201, 3202 BIBLIOGRAPHIC DATA SHEET NUREG/CR-5222
LA-11422-MS

SEE INSTRUCTIONS ON THE REVERSE

2 TITLE AND SUBTITLE 3 LEAVE BLANK

Static Load Cycle Testing of a Low-Aspect-Ratio
Six-Inch Wall TRG-Type Structure TRG-4-6 (1,0, 0.25)

4 DATE REPORT COMPLETED

MONTH l YEAR
5 AUTHKOR(S) Apri 1 1989
Charles R. Farrar, Joel G. Bennett, Wade E. Dunwoody, & DATE REPORT ISSUED
and William E. Baker* MONTH VEAR
June ] 1989
7 PERFORMING ORGANIZATION NAME AND MAILING ADDRESS (inciude Zip Code) 8 PROJECT/TASK/WORK UNIT NUMBER
Los Alamos National Laboratory 5 FIN OR GRANT NUMBER
Los Alamos, NM 87545
A7221
10 SPONSORING ORGANIZATION NAME AND MAILING ADDRESS (/nciude Z:p Codel 113 TYPE OF REPORT
Division of Engineering Technical

O0ffice of Nuclear Reaulatory Research
U.S. Nuclear Regulatory Commission b PERIOD COVERED finclusuwe dates
Washington, DC 20555

12 SUPPLEMENTARY NOTES

*Consultant at Los Alamos. Mechanical Engineering Department, University
of New Mexico, Albuquerque, NM 87131,

13 ABSTRACT (200 words or ‘ess)

Quasi-static load cycle testing of a 6-in.-thick reinforced concrete shear wall
structure is detailed in this report. The background of this program and results
that led to this series of experiments are reviewed. Geometry of the test
structure, design parameters, preliminary modal testing and analysis to verify
undamaged dynamic properties, material property tests, instrumentation and results
of this data reduction for stiffness, cracking values, and energy losses are given.

Results are compared with other investigators' results, as well as with the
American Concrete Institute 318-349 code predictions.

14 DOCUMENT ANALYSIS - 3 KEYWORDS DESCRIPTORS 15 AVAILABILITY
STATEMENT
reinforced concrete structures Unlimited
stiffness
16 SECURITY CLASSIFICATION
(Tris pagel . .
© IDENTIFIERS OPEN ENDED TERMS Unclassified
(This report]
Unclassified
17 NUMBER OF PAGES
18 PRICE

# U, 5, GOVERNMENT PRINTING OFFICE:1989-241-590:00113




UNITED STATES
NUCLEAR REGULATORY COMMISSION
WASHINGTON, D.C. 20555

OFFICIAL BUSINESS
PENALTY FOR PRIVATE USE, $300

SPECIAL FOURTH-CLASS RATE
POSTAGE & FEES PAID
USNRC

PERMIT No. G-87




